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ABSTRACT 
This thesis demonstrates various techniques for generating passive Q-switched and 
soliton mode-locked fiber laser using Erbium-doped fiber and Thulium-Bismuth doped fiber 
laser as gain mediums. The techniques for obtaining Q-switched and soliton mode-locked 
fiber laser includes nonlinear polarization rotation (NPR), semiconductor saturable absorber 
and carbon-based saturable absorber; specifically, single-walled carbon nanotubes 
(SWCNT), graphene and non-conductive graphene oxide paper. 
A performance comparison is made between mode-locking using NPR technique and 
semiconductor saturable absorber. Based on the result, the semiconductor saturable absorber 
generates better quality of mode-locked pulse than using NPR. 
A single-walled carbon nanotubes (SWCNT) in a sodium dedocyl sulfate (SDS) 
solution is deposited onto a fiber ferrule using dripping technique. Due to the high insertion 
loss, a Q-switched pulse ensues. After adding a 200 meter single mode fiber (SMF) into the 
laser cavity, the pulse energy is high enough to saturate the SWCNT saturable absorber. 
Consequently, a strong soliton mode-locked pulse is generated. 
A simple and compact Q-switched fiber laser is demonstrated using graphene as 
saturable absorber. The saturable absorber is deposited onto a fiber ferrule by dripping a 
graphene solution and then is left to dry. A Q-switched pulse performances is compared 
between fiber lasers with one graphene saturable absorber and with two graphene saturable 
absorbers. 
A highly ordered pyrolitic graphite (HOPG) is mechanically exfoliated using a scotch 
tape. The resulting graphene is transferred onto a fiber ferrule and inspected using Raman 
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spectroscopy. The transferred graphene has been identified as a single-layer. The ensuing 
pulsed fiber laser is a Q-switched, due to the large modulation depth of a single-layer 
graphene. A soliton mode-locked fiber laser is then generated by adding a 200 meter SMF. 
A soliton mode-locked is then demonstrated using Thulium-Bismuth doped fiber as gain 
medium.  
In the sixth experiment, a novel non-conductive graphene oxide paper is introduced 
as a saturable absorber. The resulting soliton mode-locked fiber laser has a time-bandwidth 
product (TBP) value of 0.315. The mode-locked fiber laser has a low mode-locking threshold 
but the pulse gradually destroys the paper.  
As a conclusion, this thesis shows the development of various techniques of 
generating Q-switched and mode-locked fiber, most notably using carbon based saturable 
absorber. This thesis also eases the focus on the saturable absorber, but instead, focusing on 
the cavity design to generate soliton mode-locked fiber lasers. Additionally, it introduces a 
non-conductive graphene oxide paper as a potential saturable absorber.
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ABSTRAK 
Tesis ini menunjukkan pelbagai teknik untuk menjana pasif Q-switched dan soliton 
mode-locked laser gentian optik menggunakan Erbium dan Thulium-Bismut sebagai medium 
aktif. Teknik-teknik untuk mendapatkan laser gentian optik Q-switched dan soliton mode-
locked termasuk nonlinear polarization rotation (NPR), saturable absorber semikonduktor 
dan saturable absorber berasaskan karbon; terutamanya, single-walled carbon nanotubes 
(SWCNT), graphene dan kertas graphene oksida bukan konduktif.  
Perbandingan prestasi dibuat antara mode-locked menggunakan teknik NPR dan 
saturable absorber semikonduktor. Berdasarkan keputusan, semikonduktor saturable 
absorber menjana soliton mode-locked dengan kualiti yang lebih baik daripada soliton mode-
locked yang dijana menggunakan NPR. 
Single-walled carbon nanotubes (SWCNT) dalam larutan natrium dedocyl sulfat 
(SDS) didepositkan ke atas permukaan  simpai gentian optik menggunakan teknik titisan. 
Oleh kerana kehilangan sisipan yang tinggi, laser Q-switched terhasil. Selepas memasukkan 
200 meter single mode fiber (SMF) ke dalam kaviti laser, tenaga nadi cukup tinggi untuk 
menepukan SWCNT saturable absorber. Oleh itu, soliton mode-locked yang kuat dihasilkan. 
Q-switched laser gentian yang ringkas dan padat ditunjukkan menggunakan graphene 
sebagai saturable absorber. Saturable absorber didepositkan ke permukaan simpai gentian 
optik dengan menitis larutan graphene dan kemudian dibiarkan kering. Keupayaan laser 
denyut Q-switched dibandingkan antara laser gentian dengan satu graphene saturable 
absorber dan dengan dua graphene saturable absorber.  
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Highly ordered pyrolitic graphene (HOPG) dikupas secara mekanikal menggunakan 
pita pelekat. Dari situ, graphene dipindahkan ke satu simpai gentian optik dan diperiksa 
dengan menggunakan spektroskopi Raman. Graphene yang dipindahkan telah dikenal pasti 
sebagai lapisan tunggal. Oleh itu, terhasil laser denyut Q-switched, kerana kedalaman 
modulasi yang besar daripada satu lapisan graphene. Soliton mode-locked laser gentian optik 
kemudiannya dihasilkan dengan menambah SMF sepanjang 200 meter. Laser soliton mode-
locked  kemudian ditunjukkan menggunakan Thulium-Bismut sebagai medium aktif. 
Dalam eksperimen yang ke-enam, kertas graphene oksida bukan konduktif  yang 
novel diperkenalkan sebagai saturable absorber. Apa yang terhasil adalah laser gentian optik 
soliton mode-locked yang mempunyai nilai time-bandwidth product (TBP) 0.315. Laser 
gentian mode-locked mempunyai ambang yang rendah tetapi nadi secara beransur-ansur 
memusnahkan kertas. 
Kesimpulannya, tesis ini menunjukkan perkembangan pelbagai teknik menjana Q-
swithced dan soliton mode-locked laser, terutamanya menggunakan saturable absorber 
berasaskan karbon. Tesis ini juga mengurangkan penekanan pada saturable absorber, tetapi 
sebaliknya, memberi tumpuan kepada reka bentuk kaviti laser bagi menjana laser gentian 
optik soliton mode-locked. Selain itu, ia memperkenalkan kertas graphene oksida bukan 
konduktif sebagai saturable absorber yang berpotensi. 
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CHAPTER 1 
INTRODUCTION 
1.1 BACKGROUND 
The invention of laser in the 1960s has sparked various application in our lives. Fiber 
optics communication, built on the principles of laser and fiber optics, in particular, has 
enabled the transmission of information for thousands of kilometers. Lights pulses in fiber 
optics travel between continents, carrying signals, data, voice and visuals. In 2002, the fiber 
optic intercontinental networks spans 250,000 km of submarine communications cable, 
carrying 2.5 Tb of information per second.  
Prior to the invention of laser, radio engineers use oscillators to generate the pure 
carrier frequency that are modulated onto input signal to be transmitted via radio waves. 
Radio oscillators drive antennas so they radiate coherent radio waves, which share that same 
frequency and stay in phase with one another. Therefore, in 1951, Bell Labs concluded that 
the only way to transmit information via light, is to have a coherent light source. Without 
coherent light source, Bell Labs pursued millimeter waveguide. Only in 1960, when laser 
was invented, Bell Labs and many others, took optical communication seriously. 
However, the real stimulus in optical communication came in 1966. In 1966, Charles 
K. Kao and George Hockham from Standard Telecommunication Laboratories, U.K, 
reviewed the mode theory of electromagnetic propagation in a cylindrical dielectric structure. 
They identified a particular HE11 mode of a cladded glass fiber as a potential to perform 
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single-mode operation. By sufficiently reducing the core diameter, a single-mode operation 
can be achieved, therefore, removing the effects of multimode dispersion. The fiber optic of 
Kao and Hockham has a 1000 dB/km losses. As a comparison, coaxial cable only has losses 
of 5-10 dB/km.  Today, a single-mode optical fiber, operating at 1550 nm, has an average 
loss of 0.22 dB/km.  Charles K. Kao was awarded the Nobel Prize in Physics in 2009, for his 
“groundbreaking achievements concerning the transmission of light in fibers for optical 
communication”. 
Carbon nanotube (CNT) and graphene are two carbon allotropes, which may bring 
another groundbreaking achievement in optics and communications. Carbon nanotube is a 
carbon allotrope with cylindrical nanostructure was discovered by Sumio Iijima of NEC 
Corporation. While Iijima was using a high resolution transmission electron microscope to 
study the soot made from by-products obtained during the synthesis of fullerenes by the 
electric discharge method, he noticed a molecular carbon tubes with diameters in the 
nanometer range. The carbon tubes were arranged in a seamless graphitic structure rolled up 
to form concentric cylinders. Electron microscopy reveals that each tube comprises of coaxial 
tubes of graphitic sheets, ranging in number from 2 up to 50. On each tube the carbon-atom 
hexagons are arranged in a helical fashion about the needle axis. The carbon nanotubes 
discovered by Iijima was later known as multi-walled carbon nanotube. 
Graphene; a two-dimensional crystalline carbon allotrope, was discovered by 
Konstantin Novoselov and Andre Geim at the University of Manchester. Novoselov uses 
mechanical exfoliation technique (repeated peeling) of small mesas of highly oriented 
pyrolytic graphite. He managed to isolate a few, high quality layers of graphene films. The 
graphene layers were then transferred onto a 300 nm-thickness oxidized Si wafer. Under a 
microscope, Novoselov was able to identify the number of layer of a graphene film based on 
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the degree of contrast between the oxidized Si wafer and the graphene film itself. Further 
tests reveals that despite being several atoms thick, graphene shows remarkable electronic 
properties. 
Due to their unique electronic and optical properties, carbon nanotube and graphene 
have attracted scientists to explore their potential. One of their optical properties is saturable 
absorption. Owing to their Pauli blocking property, carbon nanotube and graphene absorb 
light at low intensity, but transmit them at high intensity. Another interesting property is, 
carbon nanotube and graphene also are found to have fast relaxation time. Furthermore, the 
linear dispersion of the Dirac electrons ensures that graphene has an ultrawideband 
operability. As for carbon nanotube, because of the resonance energy depends on the tube 
diameter, carbon nanotube also has a wideband operability, although not as wide as graphene. 
In conclusion, saturable absorption, fast relaxation time and wideband operability are the 
factors that make carbon nanotube and graphene a suitable candidate for a saturable absorber. 
Recently, many works have been focused on generating pulse laser for many industrial 
and communication applications through Q-switching and mode-locking approaches. 
Techniques of generating Q-switched or mode-locked laser are generally divided into two; 
active and passive. Active technique involved power operated modulator inside the cavity. 
Passive mode-locking, on the other hand, generates mode-lock or Q-switch pulse by using 
saturable absorber. A saturable absorber is a passive device that absorbs light when the 
intensity is low, but transmit them at high intensity. In other words, the degree of absorption 
of a saturable absorber decrease as light intensity increase. Nonlinear Polarization Rotation 
(NPR) is a passive mode-locking technique that particularly suits fiber laser. By using fiber 
compatible waveplates and polarizer, an artificial saturable absorber action can be achieved. 
A saturable absorber can also be made by using semiconductor materials. The semiconductor 
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materials must have a bandgap that corresponds to the operating wavelength. In the case of 
1550 nm, GaInNAs and InGaAsP have been useful. However, compared to graphene and 
carbon nanotubes saturable absorber, semiconductor saturable absorber has limited operating 
bandwidth.  
1.2 PROJECT MOTIVATIONS 
Mode-locked and Q-switched fiber laser have become a useful tool in a number of 
applications. Since mode-locked laser was introduced in the 1960s with Nd:glass (Stetser & 
Demaria, 1966), it has come a long way from being in the picoseconds to attoseconds 
(Yoshitomi, Kobayashi, Takada, Kakehata, & Torizuka, 2005) pulsewidth. The trend in 
mode-locked laser is seems to be aiming at getting shorter pulse duration and higher 
repetition rate. On the other hand, journal publications in Q-switched laser appear to be 
aiming at acquiring higher peak power.  
There are several techniques of generating mode-locked and Q-switched fiber laser. 
Using semiconductor saturable absorber is perhaps the most widespread and conventional 
technique. Semiconductor saturable absorber can be integrated into a fiber laser cavity, thus 
eliminate the need for free-space optics and other bulky element. Moreover, semiconductor 
saturable absorber aids in self-starting of the mode-locking and Q-switching processes. 
However, the weaknesses of semiconductor saturable absorber are that they are easily 
susceptible to damage and they have narrow operating bandwidth.   
Other than semiconductor saturable absorber, the nonlinear polarization rotation 
(NPR) technique is also capable of generating a mode-locked and Q-switched fiber laser 
(Hideur et al., 2001). The most interesting saturable absorber materials perhaps come from 
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carbon nanotubes and graphene. These two carbon allotropes have saturable absorption 
properties, fast relaxation time and broadband operability. There are several ways of 
incorporating carbon nanotubes and graphene into a fiber laser cavity; film (Vittorio Scardaci 
et al., 2008; Z. Sun et al., 2010), optical deposition (Martinez, Fuse, Xu, & Yamashita, 2010), 
using tapered fiber (Song, Morimune, Set, & Yamashita, 2007), mechanical exfoliation 
(Martinez, Fuse, & Yamashita, 2011) and by spraying them onto a substrate (S. Yamashita 
et al., 2004). 
Although the concepts of pulsed laser has been introduced in the in the 1960s, in 
Malaysia, the field of pulsed fiber laser is relatively unexplored. Best known to the author, 
the earliest published result on mode-lock fiber laser is in 2011 (Moghaddam, Harun, Akbari, 
& Ahmad, 2011). The author saw this as a challenge and a chance. The challenge of pursuing 
this field in Malaysia meant that help is scarce. However, if succeed, the author can establish 
himself as an expert in this field in Malaysia. This serves as one of the motivations for the 
author to pursue the work. The author also wish to add to the existing understanding of how 
mode-locked and Q-switched fiber laser work.    
The author starts by comparing the performance of mode-lock fiber laser using 
nonlinear polarization rotation (NPR) technique and semiconductor saturable absorber. 
Published journals on mode-locked fiber laser rarely compare these two techniques. The 
author saw this as a start of his learning curve, to familiarize himself with mode-locked laser 
theory and experiment. Nonlinear polarization technique relies on Kerr effects to generate 
pulse while semiconductor saturable absorber, which uses the Pauli blocking property of a 
semiconductor materieal, is the easiest way to generate mode-locked fiber laser. Both 
techniques are distinctively different.  
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When carbon nanotubes and graphene become a popular subject in photonics, the 
author was interested to utilize them as saturable absorber. At that time, carbon nanotubes 
and graphene are mostly made into a film to be integrated into a fiber laser cavity. Although 
this technique is easy to imitate, the disadvantage is that there are no two films that are 
identical. Two research groups could be doing the same process of making a carbon 
nanotubes or graphene film, but the properties of these films will not be exactly the same. 
Therefore, it is difficult to identify the parameters that could define a working carbon 
nanotubes or graphene film. After an extensive reading and experimenting, the author 
understands that the design of mode-locked and Q-switched fiber laser does play a role. Since 
most of the carbon nanotubes and graphene saturable absorber are made of film, the author 
decided to take a different path. The author focuses on generating mode-lock pulse by 
changing the design of the fiber laser. The lack of understanding of the importance of design 
in initiating mode-lock fiber laser is another motivation for the author to explore the field. 
As a result, the author was successful in creating a new technique of saturable absorber called 
dripping technique.  
Because the journal publications in carbon nanotubes and graphene film are too many, 
the author need to find something novel in-order to publish. By keeping abreast with the 
latest development in graphene processing, the author was able to identify a non-conductive 
graphene paper as a potential saturable absorber. The desire to be unique is another 
motivation for the author. 
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1.3 PROJECT OBJECTIVES 
Based on the motivations, the project objectives are as follows:- 
1. To utilize graphene and carbon nanotubes as saturable absorber 
2. Provide understanding regarding passive mode-locked fiber laser using 
Nonlinear Polarization Rotation (NPR) and semiconductor saturable absorber 
3. Present new technique and perspective in generating passive mode-locked 
fiber laser using carbon nanotubes and graphene as saturable absorber. 
4. Generate a mode-locked fiber laser using a single-layer graphene (by 
mechanical exfoliation) saturable absorber 
5. Explore other types of graphene saturable absorber. 
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1.4 ORIGINAL CONTRIBUTIONS 
The major contributions of this research project are summarized as below:- 
1. Provide understanding regarding mode-locked fiber laser using nonlinear 
polarization technique and semiconductor saturable absorber: 
The comparison between mode-lock fiber laser by nonlinear 
polarization rotation (NPR) technique and semiconductor saturable absorber 
is presented in Chapter 3. The result show that the pulsewidth differ 
significantly between these two techniques. Nonlinear polarization rotation 
technique gives a pulsewidth of 1.11 ps. By inserting a semiconductor 
saturable absorber in the cavity, the resultant pulsewidth is 0.58 ps. Kelly 
sidebands were prominent in the resultant optical spectrum of the nonlinear 
polarization rotation but less prominent in the optical spectrum of the 
semiconductor saturable absorber. Although both fiber lasers generate mode-
locked pulse, the resultant pulsewidth and optical spectrum vary. 
2. Created “dripping technique” for creating carbon nanotubes/graphene 
saturable absorber: 
Conventional techniques of incorporating a carbon 
nanotubes/graphene saturable absorber are film, optical deposition, 
mechanical exfoliation and spraying. All of these techniques have their own 
advantages and disadvantages. Of all the techniques, film is the most popular 
because of its simplicity. However, if the only concern is creating mode-
locked fiber laser, dripping technique is much simpler than film. Dripping 
technique can not only create mode-locked pulse but also can create Q-
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switched pulse. The advantage of dripping technique is that it eases the 
processing part, instead it focuses on forcing mode-locking through increasing 
the pulse energy. 
3. Successfully generated Q-switched and mode-locked fiber lasers using a 
single-layer graphene by mechanical exfoliation: 
The author successfully isolate a single layer graphene by mechanical 
exfoliation to be used to generate Q-switched and mode-locked fiber lasers. 
Although there have been publications that use graphene saturable absorber 
by mechanical exfoliation, but best known to the author, those graphene 
saturable absorber were not a single-layer graphene. However, there was also 
a journal publication that uses a single-graphene layer film as saturable 
absorber. Two experiments in this thesis have confirmed that a single-layer 
graphene saturable absorber require a large pulse energy to be saturated. 
Consequently, the author was able to draw a conclusion that a single-layer 
graphene has a large modulation depth.  
4. Introduced a non-conductive graphene oxide paper as saturable absorber: 
A non-conductive graphene oxide paper has been demonstrated by the 
author as capable of becoming a saturable absorber for generating mode-
locked fiber laser. The advantage and disadvantage of a non-conductive 
graphene paper saturable absorber are also discussed.  
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1.5 OVERVIEW OF THESIS  
This thesis consists of six main chapters. In these chapters, a comprehensive study of Q-
switched and mode-locked fiber laser are presented. The current chapter is dedicated to a 
brief introduction to all aspects of pulsed fiber laser as well as motivations and contributions.  
The second chapter gives more comprehensive details on the history of laser and fiber 
optics in addition to an approximate guide on laser principles and properties. This chapter 
emphasizes on Q-switch, mode-lock, carbon nanotubes and graphene. It gives detail 
description on Q-switch and mode-lock techniques, with uncomplicated mathematics. This 
chapter also elaborates on the photonics properties of carbon nanotubes, graphene and 
graphene oxide, which makes them suitable as saturable absorber. 
Chapter three is divided into two main sub-chapters. In the first sub-chapter, it gives a 
comparison between a mode-locked fiber lasers generated using nonlinear polarization 
rotation technique and semiconductor saturable absorber. The first sub-chapter concludes 
with the performance comparison between the two techniques. In the second sub-chapter, it 
demonstrates a Q-switched and mode-locked by using carbon nanotubes. The carbon 
nanotubes saturable absorber is deposited onto a fiber ferrule using dripping technique. The 
second sub-chapter aims to prove that by altering the design of the fiber laser, a Q-switched 
and mode-locked operation can be achieved. 
Chapter four is divided into two sub-chapters. The first sub-chapter describes a Q-
switched fiber laser using graphene saturable absorbers. Two different saturable absorbers 
were fabricated by dripping a graphene solution onto fiber ferrule.  Next, their performance 
is compared in-terms of their resultant Q-switched lasers. The second sub-chapter describes 
a single-layer graphene saturable absorber made by using mechanical exfoliation technique. 
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The single-layer graphene acts as a saturable absorber for generating Q-switched and mode-
locked Erbium-doped fiber lasers.  Another experiment in the second sub-chapter describes 
a Thulium Bismuth-doped fiber laser which also uses a single-layer graphene as saturable 
absorber. Chapter four have several conclusions; a compact and simple Q-switched fiber laser 
can be made using graphene as saturable absorber, a single-layer graphene has a very large 
modulation depth and graphene saturable absorber also works in the 2μm region.  
Chapter five demonstrate the usability of a non-conductive graphene oxide paper as 
saturable absorber. It also discussed on the advantages and disadvantages of graphene oxide 
paper as saturable absorber. 
Chapter six provide the summary, analysis and review of all results obtained in the 
study. Chapter six ends with modest recommendations for future works. Attached in the 
appendix are selected published journal papers during the duration of the study.  
Below is the list of publications and conferences during the study is conducted.  
Publications 
1. Ismail, M. A., Tan, S. J., Shahabuddin, N. S., Harun, S. W., Arof, H., & 
Ahmad, H. (2012). Performance comparison of mode-locked erbium-doped 
fiber laser with nonlinear polarization rotation and saturable absorber 
approaches. Chinese Physics Letters, 29(5), 054216. 
2. Harun, S. W., Ismail, M. A., Ahmad, F., Ismail, M. F., Nor, R. M., Zulkepely, 
N. R., & Ahmad, H. (2012). A Q-switched erbium-doped fiber laser with a 
carbon nanotube based saturable absorber. Chinese Physics Letters, 29(11), 
114202. 
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3. Ismail, M. A., Harun, S. W., Zulkepely, N. R., Nor, R. M., Ahmad, F., & 
Ahmad, H. (2012). Nanosecond soliton pulse generation by mode-locked 
erbium-doped fiber laser using single-walled carbon-nanotube-based 
saturable absorber. Applied Optics, 51(36), 8621-8624. 
4. Ismail, M. A., Ahmad, F., Harun, S. W., Arof, H., & Ahmad, H. (2013). A 
Q-switched erbium-doped fiber laser with a graphene saturable absorber. 
Laser Physics Letters, 10(2). 
5. Harun, S., Ismail, M., & Ahmad, H. (2014). Soliton Mode-Locked Erbium-
Doped Fiber Laser Using Non-Conductive Graphene Oxide Paper. 
Conference 
1. Harun, S. W., Ahmad, H., Ismail, M. A., & Ahmad, F. (2013, April). Q-
switched and soliton pulses generation based on carbon nanotubes saturable 
absorber. In Electronics, Communications and Photonics Conference 
(SIECPC), 2013 Saudi International (pp. 1-4). IEEE.
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CHAPTER 2 
LITERATURE REVIEW 
2.1 HISTORY OF LASER AND FIBER OPTICS 
2.1.1 LASER  
The idea of Light Amplification by Stimulated Emission of Radiation (LASER) was 
first mooted by Albert Einstein in 1916. In his “On the Quantum Theory of Radiation” 
(1917), Einstein proposed hypotheses on the radiative exchange of energy; the interaction 
between matter and radiation by means of absorption and emission. Kramers (1924) further 
expanded the theory by Einstein, introducing the term “negative dispersion”, which exhibit 
resemblance to Einstein’s “negative absorption”.  Kopfermann and Ladenburg (1928); 
Ladenburg (1928) later provide experimental evidence by pumping neon gas with high 
current densities. In his doctoral thesis, Fabrikant (1940), suggested that population inversion 
should lead to light wave amplification. However, Fabrikant did not pursue the theory. Owing 
to the wartime invention of microwave, Lamb and Retherford (1947), have found a way to 
excite molecular hydrogen from the ground state, thus, making inverse population a reality.  
 Gordon, Zeiger, and Townes (1955) have successfully created Microwave 
Amplification Stimulated Emission of Radiation (MASER) which is the predecessor of laser. 
The device can be utilized as a microwave amplifier, microwave spectrometer and an 
oscillator. Maser “utilizes a molecular beam in which molecules in the excited state of a 
microwave transition is selected. Interaction between these excited molecules and a 
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microwave field produces additional radiation and hence amplification by stimulated 
emission”. The oscillation of maser also proved theoretically and experimentally 
monochromatic. Many scientist who are working in maser wish to extend the amplification 
and stimulation in the infrared and optical region. In 1957, Ali Javan (1957) published a paper 
describing a theory on three-level maser. 
The breakthrough in laser was achieved by Maiman (1960). He had created the first 
laser by using ruby crystal as gain medium. In his experiment, a 1-cm ruby crystal was 
irradiated with high power flash lamp. The result is a narrow emission at the wavelength at 
6929 Å. After that, more lasers were created such as helium-neon (A. Javan, Bennett, & 
Herriott, 1961), semiconductor (Hall, 1963) and CO2 (Patel, 1965). Table 2.1 summarizes 
the milestones in laser fundamentals and technology. 
Table 2.1 : Milestones in laser (Reproduced from Renk, 2012) 
Year Name; Milestone 
1865 James Clerk Maxwell; Maxwell’s equations 
1888 Heinrich Hertz; generation and detection of electromagnetic waves  
1900 Max Planck; quantization radiation in a cavity 
1905 Albert Einstein; quantization of radiation 
1905 Niels Bohr; quantization of the energy states of an atom 
1917 
Albert Einstein; interaction of radiation with an atom; spontaneous and and   
stimulated emission 
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Table 2.1, continued : Milestones in laser (Reproduced from Renk, 2012) 
1923 
Henryk A. Kramers; influence of stimulated emission on the refractive index of 
atomic gasses containing excited atoms. 
1928 
Rudolf Ladenburg; observation of an influence of stimulated emission on the 
refractive index of a gas of neon atoms excited by electron collisions in a gas 
discharge 
1951 Charles H. Townes; idea of a maser 
1954 
Charles H. Townes; ammonia maser (frequency 23.870 GHz, wavelength 1.25 
cm). Nicolai Basov, Aleksandr Prokhorov; idea of a maser in parallel to the 
development in the U.S.A and realization of ammonia laser. 
1956 
Nicolaas Bloembergen; proposal of the three-level maser (leading to solid state 
masers in other laboratories 
1958 
Arthur L. Schawlow, Charles H. Townes; proposal of infrared and optical 
masers (lasers) including the formulation of the threshold condition of laser 
oscillation. 
Aleksandr Prokhorov; general description of the principle of optical masers 
(lasers) 
1959 Nicolai Basov; proposal of semiconductor laser 
1960 Theodore Maiman; ruby laser (694 nm) 
1960 Ali Javan; helium-neon laser (1.15 μm, later 633 nm) 
1961 L. F. Johnson, K. Nassau; neodymium YAG laser 
1962 Robert N. Hall; semiconductor laser. 
1963 Herbert Kroemer; proposal of heterostructure laser. 
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Table 2.1, continued : Milestones in laser (Reproduced from Renk, 2012) 
1964 
C. Kumar N. Patel; carbon dioxide laser 
W. Bridges; argon ion laser 
1966 Peter P. Sorokin and Fritz P. Schäfer; dye laser  
1968 William T. Silfvast; metal vapor laser 
1975 Basov; excimer laser 
1977 John Madey, Luis Elias and coworkers; free-electron laser. 
1979 J.C. Walling; alexandrite laser (first tunable solid state laser) 
1982 P. Moulton; titanium-sapphire laser. 
1991 M. Haase and coworkers; green diode laser (based on ZnSe) 
1994 Federico Capasso, Jèrome Faist and coworkers; quantum cascade laser 
1997 Shunji Nakamura and coworkers; blue diode laser (based on GaN) 
 
2.1.2 FIBER OPTICS 
In the 1950’s and 1960’s the demand for more resources to accommodate the ever 
increasing telephone calls meant that new alternative need to replace the existing copper 
cables. In United Kingdom, the number of installed telephones and the annual number of 
telephone calls doubled every five or six years over the entire period of 1915-1960. The 
number of telephone calls made in 1950 was 3000 million, in 1960; 4000 million, in 1970; 
9000 million and in 1980; 19 000 million. Moreover, the telephone system is also used to 
carry data, video and other services. The existing network has difficulty in keeping up with 
the telephone demand and subsequently, other alternatives to copper wire and electric current 
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are being considered. Other means of communication such as microwave cables, microwave 
line-of-sight, satellites and over-moded millimeter waveguide were also taken into account. 
The possibility of using an optical carrier wave for telecommunication began soon 
after the invention of the laser in 1960. The amount of information can be modulated onto a 
carrier wave is roughly proportional to its frequency. A shift from microwave to light waves 
could increase the carrier frequency by a factor of 100 000 and even if the bandwidth can be 
increased by in practice by 100 or 1000 times, the improvement is enormous compared to the 
existing system. Many laboratories began researching in optical communication as a possible 
source of carrier waves. 
In a publication by Kao and Hockham (1966), they discussed in some detail the idea 
of communication by optical fibers. They reviewed the mode theory of electromagnetic 
propagation in a cylindrical dielectric surface and identified the HE11 mode of a cladded glass 
fiber as a potential. By reducing the core diameter sufficiently, single-mode operation can be 
achieved, and the effects of multimode dispersion can be removed. Studied were also made 
of bending loss, radiation loss, launching of modes and jointing. Since the publication of the 
paper, many works had started on single-mode and multimode optical fibers. At the 
University of Southampton, where the work on multimode fiber started, the loss was brought 
down to 140 dB/km compared to the thousands of dB/km in earlier fiber bundles. In Standard 
Telecommunication Laboratories (STL), the work on single-mode fiber indicated that its 
inherent loss was probably below than 20 dB/km target. 
 Kapron, Keck, and Maurer (1970) at Corning Glass Works, USA, reported 
the fabrication of a single-mode fiber with 20 dB/km transmission loss. Many laboratories 
across the world suddenly became interested in fiber optics. Kapron et al. (1970) deposited a 
thin layer of titanium on the internal surface of a silica tube which had then been collapsed 
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and drawn into a fiber. Although the resultant fiber was too brittle to be of use, it had proved 
that it is possible to develop a cladded fibers based on silica. Previously, it was thought too 
difficult to find a cladding glass compatible with silica core. The solution presented by 
Corning made it possible to use the silica glass as fiber optics core and cladding. By inserting 
oxides; TiO2, GeO2, P2O3, Al2O3, the refractive index can be increased while B2O3 and F 
lower it. 
With the problem with choosing the glasses for core and cladding has been tackled, 
laboratories around the world are concentrating on the process of manufacturing optical fiber. 
Bell Telephone Laboratories introduces a process which they called “modified chemical 
vapor deposition” or MCVD. Other variations of the process include outside deposition on 
mandrel (Corning, USA),plasma chemical-vapor deposition (Philips, The Netherlands) 
(Kuppers, Lydtin, & Meijer, 1977) and vapor axial deposition (Izawa, Kobayashi, Sudo, & 
Hanawa, 1977). 
Fiber lasers have unique advantages. One of the advantages is that the pump radiation, 
which is introduced by a dichroic mirror or coupler, is limit to the core, as is the laser radiation 
generated so that there is very efficient coupling between the lasing ions, pump radiation and 
lasing radiation. Furthermore, the pump intensity is very high due to small core diameter. 
Fiber lasers are small, lightweight, robust, flexible and do not require optical bench stability. 
They can also be easily mode-locked, Q-switched, line narrowed and up-converted. Fiber 
lasers are replacing conventional lasers in many applications (Gambling, 2000). 
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2.2 LASER PRINCIPLES AND PROPERTIES 
Lasers are generated by means of population inversion. An active medium is excited 
by pumping and the resultant radiation oscillates inside the laser resonator. After a threshold 
is reached, some percentage of the radiation are coupled out to produce laser. What makes 
the difference between a laser and a light bulb is the temporal and spatial coherence. A light 
bulb emits uncorrelated wave trains into all spatial directions, while a laser generates 
coherent waves and the waves can have a high directionality. Moreover, a laser can emit a 
coherent continuous wave (cw) or a coherent pulse train. Fig.  2.1 gives an illustration to 
explain the difference between cw laser, femtosecond (fs) laser and light bulb. 
 
Fig.  2.1: cw laser, femtosecond (fs) laser and light bulb (Reproduced from Renk, 2012). 
2.2.1 LASER PRINCIPLES 
Laser radiation is generated by stimulated emission transition in an active medium 
(gain medium). By pumping the active medium, spontaneous photons are generated, which 
are then amplified to form an amplified spontaneous emission (ASE) as they propagate 
through the entire active medium.  Fig.  2.2 depicts a simple laser setup, which consists of a 
laser resonator, active medium and pump system. Laser resonator consist of two mirrors; one 
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mirror with high reflectivity and the other has partial reflectivity. The mirror with partial 
reflectivity serves as the output coupler. The two mirrors also allow for feedback process 
inside the laser resonator. The ASE oscillates in the cavity to generate laser and a small 
portion of the oscillating light inside an optical resonator is coupled out as laser output at one 
of the mirror. 
 
Fig.  2.2: A laser (Reproduced from Renk, 2012) 
In order to create a stimulated emission, population inversion process is necessary. 
To simplify the concept of population inversion, we introduce a two discrete energy levels; 
E1 and E2. The following notation are also introduced to describe the process of population 
inversion. 
 Level 2 (energy E2) is the upper energy level. 
 Level 1 (energy E1) is the lower energy level. 
 E21 = E2 - E1 = energy difference between the two levels  
 N2 = population of level 2 = density of excited two-level atomic systems 
 N1 = population of level 1 = density of the unexcited two-level atomic systems 
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Monochromatic electromagnetic radiation with frequency v can interact with two-
level atomic system if Bohr’s energy-frequency relation  
 ℎ𝑣 =  𝐸21 = 𝐸2 − 𝐸1 (Eq.  2.1) 
is satisfied. If the photon energy hv of the photons of the radiation field is equal to the energy 
difference E21. 
Two processes involve in the generation of laser; absorption and stimulated emission. 
In absorption, an electron absorb an incident photon; thus acquiring energy to jump from 
Level 1 to Level 2. When an electron decays from Level 2 to Level 1, without external 
influence, emitting a photon, the process is called spontaneous emission. Spontaneous 
emission emits photon that has no phase relation with other photons. When N2 < N1, the active 
medium behaves as an absorber. When an incident photon, with energy of E21 enters the 
active medium, the photon will be absorb. This process will provide energy that will enable 
the electron in Level 1 to be promoted to Level 2 (1 → 2 transition). By pumping, we can 
raise the number of excited electrons. When N2 > N1, the condition is referred to as population 
inversion. Population inversion is essential for generating laser. When population inversion 
is reached, another photon with energy of E21 incident on the active medium, there is a finite 
probability that this wave will force the electron to undergo 2 → 1 transition. In this case, the 
energy E21 will be delivered in the form of electromagnetic wave that adds to the incident 
one. This phenomena is called stimulated emission. Stimulated emission will produce 
emission with the same phase and direction as the incident one (Renk, 2012; Svelto & Hanna, 
1976; Träger, 2007). 
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Fig.  2.3: Schematic illustration of (a) spontaneous emission, (b) stimulated emission, (c) 
absorption (Reproduced from Svelto & Hanna, 1976). 
2.2.2 LASER PROPERTIES 
Laser radiation has four main properties, namely; monochromaticity, coherence, 
directionality and brightness that separate them from ordinary light. Monochromaticity 
implies that the linewidth of a laser beam is much smaller compared with normal light. 
Because laser comes from one precise atomic transition, by the law of physics, a laser can 
only emit one wavelength (Svelto & Hanna, 1976; Träger, 2007). In general, coherence 
means that the laser waves are “in-phase” with one another at every point and time. 
Coherence in laser can be divided into spatial and temporal coherence. Spatial coherence 
means that there are correlation between different places (but not along the same wavefront. 
Correlation between the waves at one place at different times, or along the path of a beam at 
a single instant, are called temporal coherence (Lasers, 2014). 
Referring to Fig.  2.2, directionality of a laser beam are due to the construction of the 
laser resonator. An active medium is placed inside an open optical resonator and therefore, 
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the laser beam preferentially occurs in the direction orthogonal to the two mirrors (Träger, 
2007). The brightness of laser beam originated from the directionality and the capability of 
laser to emit a high optical power in a small solid angle of space. For the purpose of 
comparison, a laser of moderate power (e.g., a few miliwatts) has a brightness level of several 
orders of magnitude greater than the brightest conventional sources (Träger, 2007).  
A fifth property of a laser may be considered; i.e. short time duration. Short time 
duration refers to the ability of lasers to produce short light pulse (Svelto & Hanna, 1976). 
By mode-locking a laser, it is possible to produce light pulses which has duration that is 
roughly equal to the inverse of the linewidth of the 2 → 1 transition. The pulse duration of a 
laser may be generated down to ~ 10 fs. The property of short time duration, which implies 
energy concentration in time, can, in a sense, be considered to be the counterpart of 
monochromaticity, which implies energy concentration in wavelength. Although lasers, in 
principle, be made monochromatic, only lasers with a broad linewidth, i.e. solid state or liquid 
lasers, may produce pulses of very short time duration (Svelto & Hanna, 1976). 
2.3 Q-SWITCHING 
The history of Q-switching starts as early as 1961, when Hellwarth (1961) foresee that 
a laser could emit short pulses if the loss of an optical resonator is rapidly switched from a 
high to low value. Collins and Kisliuk (1962) and McClung and Hellwarth (1962) produced 
the experimental evidence a year later. By controlling the Q-factor (quality factor) of a laser 
resonator, Q-switching allows the generation of laser pulses of short duration (from 
nanosecond to picosecond range) and high peak power. Q-factor is a dimensionless parameter 
that describes the measure of the strength of the damping of its oscillations. The Q-factor is 
given by 
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 𝑄 =
2𝜋𝑓0𝜀
𝑃
 (Eq.  2.2) 
where fo is the resonant frequency, ε is the stored energy in the cavity and 𝑃 = −
𝑑𝐸
𝑑𝑡
 is the 
power dissipated. If the Q factor of a laser’s cavity is abruptly changed from a low value to 
a high value, the laser will emit a pulse of light that is much more intense than the lasers’s 
continues output. This technique is called Q-switching. 
  The operating mechanism is as follows; a shutter is introduced inside the laser 
cavity. When the shutter is closed, laser action cannot occur and the population inversion can 
reach a value far in excess of the laser threshold population. At this condition, the laser 
resonator loss is said to be high. The laser resonator switched to low loss when the shutter is 
now opened suddenly. At this moment laser will have a gain that greatly exceeds the losses, 
thus the stored energy will be released as a short burst of intense light (Ursula Keller, 2004). 
Q-switched operation can happen in a single- or in multiple- longitudinal cavity modes. 
However, in multiple-longitudinal cavity modes, the operation leads to mode-beating effects 
and increased timing jitter, making it less attractive (Spühler et al., 1999). There are two types 
of Q-switching; active and passive. 
2.3.1 ACTIVE Q-SWITCHING 
Active Q-switching uses modulation devices that change the cavity losses in 
accordance with an external control signal. Active Q-switches are divided into three 
categories; mechanical, electro-optical and acousto-optics. Mechanical Q-switches have been 
develop based on rotational, oscillatory or translational motion of optical components. The 
similarity between these techniques is that they inhibit laser action during the pump cycle by 
either blocking the light path, causing a mirror misalignment, or reducing the reflectivity of 
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one of the resonator mirrors. Towards the end of the pump pulse, when maximum energy has 
been stored in the active medium, a high Q-condition is established and a Q-switch pulse is 
emitted from the laser. Among the techniques is a spinning reflector technique that involves 
simply rotating one of the two resonant cavity reflectors so that parallelism of the reflectors 
occurs for only a brief instant in time. Rotating-mirror devices are simple and inexpensive. 
They are insensitive to polarization and consequently; birefringence effects. Therefore, more 
energy from the laser can be extracted under certain conditions as compared to electro-optic 
Q-switches. Fig.  2.4 depicts the diagram of a ruby laser using a spinning prism Q-switch. 
2.3.1.1 MECHANICAL Q-SWITCHES 
 
Fig.  2.4: Diagram of a ruby laser using a spinning prism Q-switch (Reproduced from 
Koechner, 2006). 
However, the mechanical Q-switches suffer from the tendency to emit multiple 
pulses. Furthermore, the devices are very noisy and they require frequent maintenance due 
to the relatively short lifetime of the bearings. Because of these disadvantages, the rotating 
prism Q-switch has been replaced for visible and near infrared lasers by the acousto-optic Q-
switch in cw pumped lasers (Koechner, 2006). 
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2.3.1.2 ELECTRO-OPTICAL Q-SWITCHES 
An electronically controlled optical shutters can also be designed by exploiting the 
electro-optic effect in crystals or liquids. The electro-optic element becomes birefringent 
when exposed to an external field. Birefringence is also known as “double refraction” due to 
the nature of the medium that split the incident of light into two orthogonal direction. The 
two rays are known as “fast” and “slow” axes, both have different index of refraction. The 
two rays will travel at the same path, but different velocities. Therefore, the electro-optic 
effect causes a phase difference between the two beams. After travelling inside the medium, 
the combination of the two components will result in either elliptical, circular, or linearly 
polarized beam, depending on the voltage applied. For Q-switch operation, only two 
particular voltages leading to a quarter-wave and half-wave retardation are of interest as 
depicted in Fig.  2.5.  
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Fig.  2.5: Electro-optic Q-switch operated at (a) quarter-wave and (b) half-wave retardation 
voltage (Reproduced from Koechner, 2006) 
In Fig.  2.5(a), the incident linearly polarized light is circular polarized after passing 
the cell and in Fig.  2.5(b) the output beam is linearly polarized, however, the plane of 
polarization has been rotated 90°. The Pockels cell contain an electro-optic crystal in which 
a refractive index change is produced by an externally applied electric field.  
The operating mechanism of Fig.  2.5(a) is as follows; during the pump pulse, a 
voltage V1/4 is applied to the electro-optic cell so that the linearly polarized light passed 
through the polarized is circularly polarized. After being reflected at the mirror, the radiation 
again passed through the electro-optic cell and then undergoes another λ/4 retardation, 
becoming linearly polarized but rotated 90° to its original direction. This radiation is ejected 
from the laser cavity by the polarizer, therefore preventing optical feedback. Towards the end 
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of the pump pulse, the voltage on the cell is switched off, allowing the polarizer-cell 
combination to pass a linearly polarized beam without loss. Oscillation within the cavity will 
build up, and after a short delay, a Q-switch pulse will be emitted from the cavity. 
For Fig.  2.5(b), the electric voltage must first be applied to the cell to transmit the 
beam. The cell is located between two crossed polarizers. As before, polarizer P1, which is 
located between the laser rod and the cell, is not required if the active medium emit polarized 
beam. During the pump pulse, with no voltage applied to the cell, the cavity Q is at a 
minimum due to crossed polarizers. At the end of the pump a voltage V1/2 is applied to the 
cell, which causes a 90° rotation of the incoming beam. The light is therefore transmitted by 
the second polarizer P2 and the cell, where it experience another 90° rotation. Light travelling 
toward the polarized P1 has experience a 180° rotation and afterwards can be transmitted 
through P1 (Koechner, 2006). 
2.3.1.3 ACOUSTO-OPTIC Q-SWITCHES 
Acoustic Q-switches introduces ultrasonic wave into a block of transparent optical 
material, usually fused silica. By switching on the acoustic field, a fraction of the energy of 
the main beam is diffracted out of the resonator, therefore introducing loss mechanism that 
prevents lase action. When the acoustic field is switched off, the full transmission of Q-switch 
cell can be reestablish and laser pulse is created. Fig.  2.6 below depicts an active Q-switch 
laser using acousto-optic Q-switch. The fused silica block to which a crystalline quartz of an 
LiNbO3 transducer is bonded. Both transducer and the fused silica interface includes vacuum-
deposited electrodes to allow for electrical connections. The ultrasonic wave is introduced 
into the Q-switch block by the piezoelectric transducer that converts electrical energy into 
ultrasonic energy. The laser returns to the high Q-state by switching off the driving voltage 
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to the transducer. Without ultrasonic wave propagating through the fused silica block, it 
returns to its usual state of high optical transmission and a Q-switch pulse is emitted. 
Virtually all acousto-optic Q-switches a single-pass device. The acoustic wave 
generated by the transducer is absorbed after travelling across the interaction region. The role 
of the absorber is to prevent reflected acoustical waves from interfering with the incident 
light beam (Koechner, 2006). 
 
Fig.  2.6: Acousto-optic Q-switch (Reproduced from Koechner, 2006) 
2.3.2 PASSIVE Q-SWITCHING 
Besides active techniques, Q-switching pulse can also be realized using a passive 
techniques. In passive Q-switching, the laser resonator consist of a gain medium and an 
absorbing medium that acts as a saturable absorber. As the gain medium is pumped, it builds 
up stored energy and emit photons. After many round-trips, the photon flux begin to see gain, 
fixed loss and saturable loss in the absorber. If the gain medium saturates before the saturable 
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absorber, the photon flux may build, but the laser will not emit a short and intense pulse. On 
the contrary, if the photon flux builds up to a level that saturates the absorber before the gain 
medium saturates, the laser resonator will see a rapid reduction in the intracavity loss and the 
laser Q-switches and therefore, will emit a short and intense pulse of light (Welford, 2003). 
Taking the Semiconductor Saturable Absorber Mirror  (SESAM) model from Spühler 
et al. (1999) and J. Zayhowski and P. Kelley (1991). The SESAM model is flexible and 
applicable in wide parameter range. From the model, we show the pulse energy, pulse 
duration and repetition rate of a Q-switch laser as shown by Table 2.2 below. 
Table 2.2 : Q-switch parameters taken from the SESAM model (Spühler et al., 1999; J. 
Zayhowski & P. Kelley, 1991). 
Parameter Model Description Eq. 
Pulse 
energy 
𝐸𝑝 ≈
ℎ𝜈𝐿
𝜎𝐿
𝐴∆𝑅𝜂𝑜𝑢𝑡 
ℎ𝜈𝐿: photon energy at lasing 
wavelength 
𝐴: mode area 
𝜎𝐿: emission cross section of the laser 
material 
∆𝑅: modulation depth 
𝜂𝑜𝑢𝑡: output coupling efficiency 
 
(Eq. 2.3) 
Pulse 
duration 𝜏𝑝 ≈
3.52𝑇𝑅
∆𝑅
 
𝑇𝑅 : cavity round-trip time. 
∆𝑅 : modulation depth 
 
(Eq.  2.4) 
Repetition 
rate 
𝑓𝑟𝑒𝑝
≈
𝑔0 − (𝐿𝑡𝑜𝑡 + ∆𝑅)
2∆𝑅𝜏𝐿
 
𝑔0: small signal gain coefficient per 
resonator round trip 
𝐿𝑡𝑜𝑡: total losses (𝐿𝑡𝑜𝑡 = 𝑇𝑜𝑢𝑡 + 𝐿𝑝; 
where 𝑇𝑜𝑢𝑡  is output coupler, 𝐿𝑝  is 
parasitic losses) 
ΔR: modulation depth 
𝜏𝐿 : upper-state lifetime of the gain 
medium 
 
 
(Eq.  2.5) 
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From the SESAM model, Q-switch pulse can be divided into four phases, as depicted 
in Fig.  2.7. In phase 1, the absorber is in its unsaturated state. A pulse can start to develop as 
soon as the pump has lifted the gain more than l + 𝑞0  . The intracavity power, P, grows 
slowly, starting from spontaneous emission noise, until the intensity is enough to saturate the 
absorber. In phase 2, the SESAM is fully saturated. The power grows more quickly until the 
gain starts to deplete. The pulse maximum is reached when the net gain is zero. In phase 3, 
the gain further deplete. The net gain becomes negative and the intracavity power decays. 
Nevertheless, the pulse still extracts significant energy in this phase. In phase 4, after the 
absorber recovers (the absorber recovers more quickly than the gain), and the gain has to be 
pumped to the threshold level again before phase 1 of the subsequent pulse can start (Spühler 
et al., 1999). 
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Fig.  2.7: Evolution of power, loss and gain on the time scale of the pulse width. As soon as 
the gain exceeds the loss, the power grows. The peak of the Q-switched pulse is reached 
when the gain equals the total losses. g: saturated intensity gain coefficient per resonator 
round-trip, l : total nonsaturable intensity loss coefficient per resonator round-trip, q : 
saturable intensity loss coefficient of the saturable absorber per cavity round-trip, 𝑞0: 
unbleached intensity loss coefficient of the saturable absorber per cavity round-trip, Δg : 
gain coefficient between the beginning and the end of the pulse,  (Reproduced from Spühler 
et al., 1999). 
2.4 MODE-LOCKING 
Mode-locking is a technique of generating an ultra-short pulse laser. The pulse 
duration range can be between picoseconds (10-12 s) to femtoseconds (10-15 s). An ultra-short 
pulse can be generated when all the longitudinal modes have a fixed phase relationship, hence 
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the term “mode-locking” or “phase-locking”. The fixed phase superposition between all the 
modes oscillating inside a laser cavity causes the cw laser to be transformed into a train of 
pulse. The number of longitudinal mode that can simultaneously lase are dependent on the 
gain linewidth, Δvg and the frequency separation between modes. Under sufficiently strong 
pumping, we can expect that the number of modes oscillating in the cavity is given by 
 𝑀 =
∆𝑣𝑔
𝑐 2𝐿⁄
=
2𝐿
𝑐
∆𝑣𝑔 (Eq.  2.6) 
where c is the speed of light and L is the length of a linear cavity. The shortest pulse duration 
that we can expect to obtain by a given gain linewidth is  
 𝜏𝑚𝑖𝑛 = 𝜏𝑀 =
2𝐿
𝑐𝑀
=
1
𝑣𝑔
 (Eq.  2.7) 
From (Eq.  2.7), we can conclude that the shortest pulse that can be obtained is a 
reciprocal of gain linewidth (in Hz) (Milonni & Eberly, 2010). 
 Mode-locking involves periodic modulation of resonator loss. Once the resonator 
loss is modulated, all the laser modes phase can easily be fixed. The difference between cw 
and mode-locked laser is depicted in Fig.  2.8. In the time domain, a mode-locked laser 
generates an equidistance pulse train, with TR defines the round-trip time of a pulse inside 
the laser cavity while pulse duration is indicated by τp. In the frequency domain, this resulted 
in a phase-locked frequency comb with constant mode-spacing, νR, that is equal to 1/TR.. The 
pulse duration, τp, is inversely proportional to the spectral width of the envelope of the 
frequency comb, Δνp. Mode-locking in a frequency domain is homogeneously broadened 
laser normally lases at one axial mode at the peak of the gain. However, the periodic loss 
modulation transfers additional energy phase-locked to adjacent mode separated by the 
modulation frequency. This modulation frequency is normally referring to the cavity round-
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trip frequency. Consequently, the frequency comb has an equidistance axial modes locked 
together in phase forms a short pulse in the time domain. 
 
(a) CW 
 
(b) Mode-locking 
Fig.  2.8: CW (a) and mode-locking (b) operation in laser (Reproduced from International, 
2013) 
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Mode-locked pulse in the time and frequency domains are depicted in Fig.  2.9 and 
Fig.  2.10, respectively (Ursula Keller, 2004). The fundamental repetition rate of a mode-
lock laser is determined by its cavity length, as shown in the equations below.  
 Repetition rate (for linear cavity)  =  
c
2Ln
 (Eq.  2.8) 
 Repetition rate (for ring cavity)  =  
c
Ln
 (Eq. 2.9) 
(Eq.  2.8) and (Eq. 2.9) are used for calculating fundamental repetition rate for linear 
and ring cavity respectively.  L, c and n denotes the length of the cavity, speed of light and 
refractive index respectively. As the round-trip time, TR, is the inverse of repetition rate, 
therefore, TR is 
 
 𝑇𝑅  =  
Ln (for ring cavity)or 2Ln (for linear cavity)
c
 (Eq. 2.10) 
depending on the cavity type. Under certain conditions, the repetition rate can be some 
integer multiple of the fundamental repetition rate. In this case, it is called harmonic mode-
locking.  
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Fig.  2.9: Mode-locked pulse in the time domain (Reproduced from Ursula Keller, 2004)
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Fig.  2.10: Mode-locked pulse in the frequency domain (Reproduced from Ursula Keller, 
2004). 
Mode-locking techniques can be divided into three categories; active, passive and 
hybrid. Hybrid mode-locking combines active and passive mode-locking. Hybrid mode-
locking uses active modulator to start mode-locking while passive mode-locking is utilized 
for pulse shaping. For the sake of brevity, here, we will only explain on active and passive 
mode-locking as shown in Fig.  2.11. Haus’s master equation, introduced by Herman A. Haus 
(Duling III & Duling, 2006) is based on linearized different operators that described the 
temporal evolution of a pulse envelope inside the laser cavity. The master equation can be 
understood as a generalization of the nonlinear Schrödinger equation. It is often used to study 
soliton pulse phenomena. In general, the Haus master equation is a useful tool mainly for the 
study of simple situation, where analytical solution can be obtained, and as the basis for some 
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dynamic models (Ursula Keller, 2004; D. R. Paschotta, 2013). Table 2.3 summarize the 
linearized operators that model the change in the pulse envelope for each element in the laser 
cavity and their defining equations. 
 
Fig.  2.11: Schematic laser cavity setup for active and passive mode-locking (Reproduced 
from Ursula Keller, 2004) 
2.4.1 HAUS MASTER EQUATIONS 
Haus’s master equations are show in Table 2.3. Table 2.4 summarizes the predicted 
pulsewidth for different mode-locking techniques. 
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Table 2.3: Linearized operators that model the change in the pulse envelope A(t) for each element in the laser cavity and their defining 
equations. The pulse envelope is normalized such that | A (z,t)2 | is the pulse power P(z, t) (Reproduced from Ursula Keller, 2004). 
Laser cavity 
element 
Linearized 
operator 
New 
constants 
Constant Eq. 
Gain ∆𝐴
≈ [𝑔 + 𝐷𝑔
𝜕2
𝜕𝑡2
] 
𝐷𝑔 ≡
𝑔
𝛺𝑔2
 
Dg: gain dispersion 
g: saturated amplitude coefficient 
Ωg: HWHM of gain bandwidth in radians/seconds 
 
(Eq.  2.11) 
 
Loss modulator ∆𝐴 ≈ −𝑀𝑠𝑡
2𝐴 
𝑀𝑠 ≡
𝑀𝜔𝑚
2
2
 
ωm: loss modulation frequency in radians/second 
2M: peak-to-peak modulation depth for amplitude loss coefficient 
 
(Eq.  2.12) 
 
Constant loss ∆𝐴 ≈ −𝑙𝐴  l: amplitude loss coefficient 
 (Eq.  2.13) 
Constant phase 
shift 
∆𝐴 ≈ 𝑖𝜓𝐴  ψ: phase shift 
(Eq.  2.14) 
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Table 2.3, continued: Linearized operators that model the change in the pulse envelope A(t) for each element in the laser cavity and their 
defining equations. The pulse envelope is normalized such that | A (z,t)2 | is the pulse power P(z, t) (Reproduced from Ursula Keller, 
2004). 
Fast saturable 
absorber 
∆𝐴 ≈ 𝛾𝐴|𝐴|
2𝐴 𝛾𝐴
≡
𝑞0
𝐼𝑠𝑎𝑡,𝐴𝐴𝐴
 
γA: absorber coefficient 
q0: maximum saturable amplitude loss coefficient 
Isat,A: saturation intensity 
AA: laser mode area in saturable absorber 
 
 
 
(Eq.  2.15) 
 
Dispersion : 2nd 
order ∆𝐴 ≈ 𝑖𝐷
𝛿2
𝛿𝑡2
𝐴 𝐷 ≡
1
2
𝑘𝑛
" 𝑧 
D: dispersion parameter (half of the total group delay dispersion per 
cavity round trip) 
𝑘𝑛
" =
𝑑2𝑘𝑛
𝑑𝜔2
 
(Eq.  2.16) 
 
Self-phase 
modulation (SPM) 
∆𝐴
≈ −𝑖𝛿𝐿|𝐴|
2𝐴 
𝛿𝐿 ≡
𝑘𝑛2𝑧
𝐴𝐿
 
δL: SPM coefficient 
𝑛2: nonlinear refractive index 
AL: laser mode area inside laser material 
(Note: Here we assume that the dominant SPM occurs in the laser 
material. Then z is equal to 2 times the length of the laser crystal in a 
standing-wave cavity) 
(Eq.  2.17) 
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Table 2.4: Predicted pulse duration for the different mode-locking technique (Reproduced from Ursula Keller, 2004) 
Mode-locking (ML) 
technique 
Pulse 
shape 
Pulse duration (FWHM) Eq. 
Active ML: 
Amplitude loss 
modulation 
Gaussian 
𝜏𝑝 = 1.66 × √
𝐷𝑔
𝑀𝑠
4
= 1.66 × √
2𝑔
𝑀
4
√
1
𝜔𝑚𝛺𝑔
 (Eq.  2.18) 
 
Passive ML: Slow 
saturable absorber 
and dynamic gain 
saturation 
Soliton 
𝜏𝑝 ≈ 1.76 ×
4
𝜋
1
∆𝑣𝑔
 (Eq.  2.19) 
 
Slow saturable 
absorber for solid-
state lasers and 
strongly saturated 
absorbers (S > 3) 
 
Numerical 
simulations 
𝜏𝑝,𝑚𝑖𝑛 ≈
1.5
∆𝑣𝑔
√
𝑔
∆𝑅
 for 𝜏𝐴 ≤ 30 𝜏𝑝 (Eq.  2.20) 
 
Fast saturable 
absorber (FSA) 
Soliton 𝜏𝑝 = 1.76 
4𝐷𝑔
𝛾𝐴𝐸𝑝
  
only transform-limited soliton pulses for a well-defined intracavity group delay 
dispersion (assuming negligible higher order dispersion): | D | / δL / γA  
(Eq.  2.21) 
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Table 2.4, continued: Predicted pulse duration for the different mode-locking technique (Reproduced from Ursula Keller, 2004). 
Fully saturated ideal 
fast saturable 
absorber 
 
𝜏𝑝,𝑚𝑖𝑛 =
1.76
𝛺𝑔
√
2𝑔
𝑞0
≈
1.12
∆𝑣𝑔
√
𝑔
∆𝑅
 for 
|𝐷|
𝛿𝐿
=
𝐷𝑔
𝛾𝐴
 (Eq.  2.22) 
 
Soliton mode-locking Soliton 𝜏𝑝 = 1.76 
2|𝐷|
𝛿𝐿𝐸𝑝
  
Transform-limited soliton pulses for the total intracavity group delay dispersion 
(assuming negligible higher-order dispersion) 
𝜏𝑝,𝑚𝑖𝑛 = 1.7627 (
1
√6𝛺𝑔
)
3/4
𝜙𝑠
−1/8 (
𝜏𝐴𝑔
3/2
𝑞0
)
1/4
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1
∆𝑣𝑔
)
3/4
(
𝜏𝐴
∆𝑅
)
1/4 𝑔3/8
𝜙𝑠
1/8 
(Eq.  2.23) 
 
(Eq.  2.24) 
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2.4.2 ACTIVE MODE-LOCKING 
Active mode-locking is a mode-locking technique that achieved by using an active 
device that modulates the loss or the phase inside the laser resonator as indicated in Fig.  2.12. 
Acousto-optic modulator (Hunsperger, 2009) and electro-optic modulator (Maldonado, 
1995) are among the widely used modulator for mode-locking. If the modulation frequency, 
ωm, is synchronized with the cavity round-trip, TR, ultrashort pulse can be generated. In other 
words, if the modulation frequency matches the frequency separation of the axial modes of 
the resonator. Therefore, 
 𝜔𝑚 =
2𝜋
𝑇𝑅
 =  
πc
𝑛𝑒𝑓𝑓𝐿𝑜
 (Eq.  2.25) 
 
where, c is the speed of light, neff is the effective refractive index and Lo is the cavity length. 
However, (Eq.  2.25) is only applicable to linear cavity, as depicted in Fig.  2.12. For a ring 
cavity, has travelling waves as eigenmodes. In the case of ring cavity, the frequency 
separation of the axial modes is 2𝜋𝑐 (𝑛𝑒𝑓𝑓𝐿𝑜)⁄ .  
 
Fig.  2.12: Active mode-locking concept (Reproduced from Duling III & Duling, 2006). 
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Based on (Eq.  2.18), the pulse duration becomes shorter until the pulse shortening of 
the loss modulator, Ms, balances the pulse broadening due to gain dispersion, Dg. The only 
stable solution to this differential equation is a Gaussian pulse shape. The advantage of Haus 
master equation regarding active mode-locking is that no prior assumption has to be made 
for the pulse shape. The Haus master equation predicts a Gaussian pulse shape, which in 
principle justifies Kuizenga and Siegman’s assumption previously (Kuizenga & Siegman, 
1970a, 1970b). The pulse obtained by active mode-locking is typically shorter than the round 
trip time in the cavity. Fig.  2.13 shows the active mode-locking in the time-domain 
perspective. The periodic loss modulation provides a temporary window of gain. When gain 
exceeds the loss in the cavity, mode-locking pulse occurs, as depicted in Fig.  2.13. 
 
Fig.  2.13: Active mode-locking in the time-domain (Reproduced from Duling III & 
Duling, 2006). 
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2.4.3 PASSIVE MODE-LOCKING 
Mode-locking also can be generated passively, where the pulse is generated without 
using any expensive electronics. Additionally, the pulse originate from fundamental mode-
locking, therefore, every output pulse is a copy of the same single pulse that propagates back 
and forth inside the cavity. This is achieve through using saturable absorber or artificial 
saturable absorber such as Kerr lens mode-locking, nonlinear polarization rotation and 
additive-pulse mode-locking. 
The saturable absorber would create some loss inside the laser cavity. The loss is 
relatively large for low intensities but small for a short pulse with high intensity. Therefore, 
a short pulse in the cavity produces loss modulation because of the high intensity at the peak 
of the pulse that saturates the absorber while low intensity wings (leading and trailing edges) 
would be absorbed by the saturable absorber. Thus, as the pulse propagates further inside the 
cavity, the pulse would saturates the gain to a level which is just enough to compensate the 
losses for the pulse itself, while other circulating low-intensity pulses die out because of their 
loss is more than their gain. As a result, as the pulse propagates further inside the cavity, it 
becomes cleaner and cleaner (Duling III & Duling, 2006; Ursula Keller, 2004; Nelson, Jones, 
Tamura, Haus, & Ippen, 1997). 
The resultant pulse originates from the noise fluctuations inside the laser cavity. One 
noise spike is strong enough to saturate the absorber, therefore reduces its loss and amplified 
during the following cavity round trips. It will continue to grow until reaching a steady state 
where a stable pulse has been formed. In general, the pulse width obtained by passive mode-
locking is shorter because the recovery time of a saturable absorber can be very fast, which 
resulted in a fast loss modulation. In comparison, the loss modulation of an active mode-
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locking is significantly slower due to its sinusoidal loss modulation. As with active mode-
locking, a passive mode-locked pulse is much shorter than the cavity round trip time. 
The upper state lifetime of a rare-earth doped fiber is long (~ms), therefore, it does 
not react significantly with cavity round-trip time. Because they have a long upper state 
lifetime, the rare-earth doped fiber also is prone to Q-switching. Therefore, we  need a fast 
saturable absorber to clean the leading and trailing edges of a mode-locked pulse (Nelson et 
al., 1997).  
2.4.3.1 NONLINEAR POLARIZATION ROTATION (NPR) 
Additive pulse mode-locking (APM) is a passive mode-locking technique that has its 
roots in bulk lasers. It utilizes a nonlinear interferometer to achieve pulse shortening. The 
pulse is split into two arms of the interferometer with nonlinear element placed in one arm. 
The pulses recombine at the beam splitter, thus, the pulse shortening occurs through the 
coherent addition of the self-phase modulated pulses. APM is an extremely fast artificial 
saturable absorber because it is based on self-phase modulation (SPM) from the Kerr effect 
in the glass. Therefore, APM should not impose a practical limit on the shortest pulse. APM 
has been extended to fiber laser, where pulse shortening is achieved through SPM and 
polarization controller. This kind of APM is especially convenient for fiber lasers, because 
rabbit-ear polarization controller and polarizers are all fiber-compatible (Herman A Haus, 
2000). 
Nonlinear polarization rotation (NPR) relies on Kerr effect that originated in the 
optical fiber in conjunction with polarizer to achieve artificial saturable absorber action and 
cause pulse shortening (Nelson et al., 1997). NPR maybe considered as APM due to the 
manipulation of optical Kerr effect in optical fiber (Dahlström, 1972; Stolen, Botineau, & 
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Ashkin, 1982). Two polarization states of the fiber corresponds to the excitation of an 
equivalent Mach-Zehnder fiber interferometer (French, 1995; H. A. Haus, Fujimoto, & 
Ippen, 1991; LaGasse, Liu-Wong, Fujimoto, & Haus, 1989). The result is a Kerr-induced 
nonlinear polarization rotation in a weakly birefringent optical fiber and polarization 
dependent loss (Ursula Keller, 2004). NPR relies on intensity-dependent rotation of elliptical 
polarization state in the optical fiber.  
NPR can happen in an optical fiber when the initial polarization state is elliptical. The 
ellipse can be resolved into right-hand and left-hand circular polarization components of 
different intensities. Both circular components then accumulate different nonlinear phase 
shifts related to the intensity dependence of the refractive index (𝑛 = 𝑛0 +  𝑛2𝐼), where n is 
the linear refractive index of a dispersive medium, n0 is the initial refractive index, 𝑛2 is the 
nonlinear refractive index and I is intensity. The polarization ellipse rotates as while 
maintaining its ellipticity and handedness. Owing to the small diameter of an optical fiber 
core, NPR is well suited for operation in optical fiber. The small diameter of fiber core allows 
light is concentrated in a small area, thus, leads to high intensity and therefore, producing 
high nonlinearity inside the optical fiber. 
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Fig.  2.14: Pulse shortening mechanism in P-APM. An initial pulse is linearly polarized and 
then made elliptically polarized by a quarter-wave plate. The light then passes through an 
optical fiber where ellipse rotation occurs and the peak of the pulse rotates more than the 
pulse wings. At the output of the fiber, the half-wave plate orients the pulse so that the peak 
of the pulse passes through the polarizer while the wings of the pulse are destroyed, 
therefore, pulse shortening occurs. The polarizer after the half-wave plate acts as analyzer 
(Reproduced from Herman A Haus, 2000; Nelson et al., 1997) 
Fig.  2.14 shows how nonlinear polarization rotation can be used along with bulk 
polarization optics to achieve artificial saturable absorber and to mode-lock the laser. The 
mode-locking technique is also called polarization additive pulse mode-locking (P-APM) 
(Nelson et al., 1997). Linearly polarized light is transformed into elliptically polarized light 
which is then passed through an isotropic Kerr-medium. Elliptic polarization is rotated in the 
Kerr-medium by an intensity dependent angle. If the output light is again linearly polarized 
by an analyzer, the throughput of the system is intensity dependent. since the right- and left-
hand circular polarization components acquire a differential nonlinear phase shift and are 
added together at the final polarizer (Nelson et al., 1997). 
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The rotation of elliptical polarization in an isotropic Kerr medium is best understood 
by writing the Kerr-polarization in terms of circular polarization components. If the medium 
responds instantaneously, the polarization can be written as  
 𝑃± =∈0
𝜒(3)
2
(|𝐸±|
2
+ 2|𝐸∓|
2) 𝐸± 
(Eq.  2.26) 
where ∈0is the permittivity in the vacuum, 𝜒
(3) is third-order nonlinear susceptibility. The 
isotropic character of the medium dictates that a term of the form 𝐸∓
2𝐸±
∗  does not appear in 
the response. If such a term appear, the response would be sensitive to the relative phase 
between the electric field 𝐸+ and 𝐸−. But the relative phase determines the orientation of the 
E-field in the special case of a linear polarization with |𝐸+| = |𝐸−|. The Kerr response has 
to be independent of the polarization orientation in an isotropic medium. The factor of two 
in the cross phase modulation is a consequence of the instantaneous response. 
It is clear that linear polarization and circular polarization acquire a simple phase shift 
due to the Kerr-polarization. Elliptic polarization is rotated. This rotation is exploited in the 
construction of an artificial saturable absorber with the use of an analyzer (Herman A Haus, 
2000). The advantage of this technique is that it can operate at any wavelength, while the 
disadvantage is that any changes in the properties of the birefringence e.g. temperature, stress, 
pressure can affect the phase bias. Therefore, continues adjustment of polarization controller 
maybe necessary (French, 1995). 
2.4.3.2 SEMICONDUCTOR SATURABLE ABSORBER 
As the name suggest, semiconductor saturable absorber utilizes semiconducting 
materials to generate mode-lock pulse. Depending on the material, semiconductor offers 
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wide range of operating wavelength. The wavelength ranges from ≈ 400 nm in the UV using 
GaN-based materials to ≈ 2500 nm, in mid-infrared using GaInAsSb-based materials. Other 
semiconductor materials that can be used are AlGaAs (800 nm to 870 nm), InGaAs (870 nm 
to about 1150 nm), GaInNAs (1100 nm to 1500 nm) or InGaAsP (1500 nm range). Longer 
wavelength range for a given material composition may be obtained at the cost of increase 
defect concentration as a result of increased lattice mismatch to a given substrate material.  
For InGaAs, GaAs and AlGaAs semiconductor materials systems, they are best-
suited for wavelength between 800 nm to 1100 nm because of the near-perfect lattice match 
between GaAs and AlGaAs. InGaAs saturable absorbers have been grown on AlAs/GaAs 
Bragg mirrors and have been the material of choice for semiconductor saturable absorber 
mirror (SESAM) at ≈ 1000 nm operating wavelength. InGaAs saturable absorbers on 
AlAs/GaAs Bragg mirrors have been used at 1300 nm (Fluck, Braun, Gini, Melchior, & 
Keller, 1997; Fluck, Weingarten, Moser, Zhang, & Keller, 1996) and 1550 nm (Spuhler et 
al., 2003; Zeller et al., 2004) wavelengths. 
GaInNAs has recently attracted a good intention for laser devices in the 
telecommunication wavelength range between 1300 nm to 1550 nm. Adding a few percent 
of nitrogen to InGaAs has given this combination of semiconductor materials two 
advantages; a redshift of the absorption wavelength and a reduction of the lattice mismatch 
to GaAs. The disadvantage is that the addition of nitrogen decreases the crystalline quality. 
Further study into the absorber properties and the mode-locking behavior revealed that 
GaInNAs SESAM has low saturation fluences and possess extremely low loss (Grange et al., 
2005; Liverini et al., 2004; Schön et al., 2005). In 2003, GaInNAs 1500 nm SESAM is shown 
to mode-lock an Erbium-doped fiber laser (OG Okhotnikov, Jouhti, Konttinen, Karirinne, & 
Pessa, 2003) and in 2005; a solid-state laser (Rutz et al., 2005). 
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2.4.3.2 (a) SEMICONDUCTOR SATURABLE ABSORBER DYNAMICS 
III-V semiconductor materials are well suited as absorber materials for ultrashort 
pulse generation. One advantage of semiconductor saturable absorber is that the 
semiconductor saturable absorber can be independently optimized from the laser cavity 
design. The semiconductor electronic structure and complex dynamics gives rise to strong 
interaction among optical excitations on ultrafast time scales. Despite the complexity, 
different time regimes can be discriminate in the evolution of optical excitation in 
semiconductors. These different time regimes are depicted in Fig.  2.15. 
 
Fig.  2.15: Schematic dispersion diagram of a 2-band bulk semiconductor. Time regimes I-
IV shows the dynamics after an optical excitation. e-e: electron-electron scattering. e-
phonon: electron-phonon scattering (Reproduced from Ursula Keller, 2004) 
Time regime I indicates that optical excitation with an ultrafast laser prepares the 
semiconductor in the coherent regime. In this regime, a well-defined phase relation exists 
between the optical excitation and the electric field of the laser pulse as well as among the 
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optical excitations themselves. As a result of the coherence among excitations in the 
semiconductor, macroscopic polarization (dipole moment density) arises. Information from 
the magnitude and decay of the polarization are useful in determining the properties of the 
semiconductor in the coherent regime. The irreversible decay of the polarization is due to 
scattering processes (i.e. electron-electron and electron-phonon scattering) and is usually 
expressed by the supposed dephasing or transversal relaxation time. 
After the loss of coherence, ultrafast spectroscopy of semiconductor is only 
concerned with the dynamics of population (electron and hole distribution). In this incoherent 
regime, time regime II-IV in Fig.  2.15, can be distinguished. Scattering among charge 
carriers is mainly responsible for the redistribution of energy within the carrier distributions 
and for the formation of thermal distributions. Time regime II shows thermalization of 
electrons distribution where thermalization occurs through scattering among electrons. The 
exact thermalization time strongly depends on the carrier density, the excess photon energy 
with respect to the band edge and the type of carriers; mostly occurs on a time scale of 100 
fs (Shah, 1999). 
In general, the temperature of the carriers are different from the temperature of the 
lattice after themalization has completed. In Fig.  2.15, it is assumed that the carriers have a 
higher temperature than the lattice. In the same figure Fig.  2.15, it is schematically shown 
that the cooling of the carriers by the emission of phonon, i.e. the energy transfer to the 
lattices. Regime III is defined by cooling process. The time constants are typically in the 
picoseconds and tens of picosecond range. 
Recombination defines the time regime IV in Fig.  2.15. The optically excited 
semiconductor returns to thermodynamics equilibrium by the recombination of electron-hole 
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pairs. These recombination processes is a low level of defect states semiconductor take place 
on a time scales of hundreds of picoseconds and longer. 
Another ultrafast process happens if large densities of deep-level traps are 
incorporated in a semiconductor. Trapping of carriers into deep levels can proceed on sub-
picosecond time scales (not shown in Fig.  2.15). Carrier trapping is an important process in 
a semiconductor saturable absorber application.  
A typical Self-Amplitude Modulation (SAM) that occurs inside a semiconductor 
saturable absorber as shown in Fig.  2.16. Semiconductor saturable absorber applications in 
ultrashort pulse generation regularly require picosecond or sub-picosecond absorber recovery 
times (R. Paschotta & Keller, 2001). To obtain such short absorber recovery times, the 
optically excited carriers from the bands would have to be removed a few hundreds of 
femtoseconds to a few tens picoseconds after they have been created. However, intrinsic 
recombination processes are usually too slow to deplete the band states of a semiconductor 
on picosecond or sub-picosecond time scales. Hence, one generates defect states in the band 
gap which give rise to fast carrier trapping to deplete the bands. The trapping time determined 
by the density and the type of the traps. Higher trap densities give rise to faster trapping.    
In conclusion, there are 4 time regimes in semiconductor saturable absorber complex 
dynamics. Time regimes I, II, III, IV corresponds 4 processes which are coherent regime, 
thermalization regime, cooling regime and recombination regime respectively. 
Thermalization typically happen in 100-fs time scale while carrier trapping proceeds on a 
time scales from a few hundreds of femtoseconds to tens of picoseconds. This resulted in 
Self-Amplitude Modulation (SAM) that is depicted in Fig.  2.16. Self-Amplitude Modulation 
(SAM) relates to the loss modulation used passive mode-locking as in Fig.  2.11 (Ursula 
Keller, 2004). 
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Fig.  2.16: Typical Self-Amplitude Modulation (SAM) observed in semiconductor saturable 
absorber. A semiconductor can absorb light if the photon energy is sufficient to excite 
carriers from the valence band to the conduction band. Under strong excitation, the 
absorption is saturated because the initial states of the pump transition are depleted while 
the final states are partially occupied. Within 60-300 fs after excitation, the carriers in each 
band themalize, and this leads to a partial recovery of the absorption. On a longer time scale 
– typically between a few ps and a few ns (depending on defect engineering), they will be 
removed by recombination and trapping. Both recombination and trapping. Both processes 
can be used for mode-locking (Reproduced from Ursula Keller, 2004). 
2.4.3.3 SOLITON  
Soliton has been discovered over many branches of physics. Soliton refers to a special 
kind of wave packets that can propagate undistorted over long distances. Soliton phenomena 
formed as a result of the interplay between the dispersive and nonlinear effects. In fiber 
optics, soliton has found a practical applications in the field of fiber-optic communications.  
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2.4.3.3 (a) MODULATION INSTABILITY 
Many nonlinear system exhibit an instability that resulted in modulation of the steady 
state. This is due to the interplay between the nonlinear and dispersive effects. This 
phenomenon is referred to as the modulation instability. In the context of fiber optics, 
modulation instability requires anomalous dispersion and reveal itself as breakup of the cw 
or quasi-cw radiation into a train of ultrashort pulses (Boyd, Raymer, & Narducci, 1986; 
Hasegawa, 1984; Islam, Dijaili, & Gordon, 1988).  
If we consider the light propagation inside the optical fiber, ignoring the losses, we 
are presented with  
 𝑖
𝜕𝑎
𝜕𝑧
=
𝛽2
2
𝜕2𝐴
𝜕𝑇2
− 𝛾|𝐴|2𝐴 (Eq.  2.27) 
(Eq.  2.27) is referred to as nonlinear Schrödinger (NLS) equation in the soliton literature. 
A(ɀ,T) represents the amplitude of the field envelope, β2 is the Group Velocity Dispersion 
(GVD) parameter, and the nonlinear parameter γ is responsible for Self-Phase Modulation 
(SPM). In the case of cw radiation, the amplitude A is independent of T at the input end of 
the fiber at ɀ = 0. Assuming that A(ɀ,T) remains time independent during propagation inside 
the fiber,  (Eq.  2.27) can be solved to obtain the steady-state solution 
 ?̅? = √𝑃0𝑒𝑥𝑝(𝑖∅𝑁𝐿) (Eq.  2.28) 
where P0 is the incident power and ϕNL = γP0ɀ is the nonlinear phase shift induced by SPM. 
(Eq.  2.28) implies that a cw light is unchanged when it propagates through the fiber, except 
for acquiring a power-dependent phase shift (and for reduction in power in the presence of 
fiber losses). 
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Before making any conclusion, we must check whether the steady-state solution is 
able to withstand against small perturbations. In order to do this, a slight perturbation is 
introduced to the steady state such that 
 𝐴 = (√𝑃0 + 𝑎)𝑒𝑥𝑝(𝑖∅𝑁𝐿) (Eq.  2.29) 
and examine the evolution of the perturbation a(ɀ, T) using a linear stability analysis. 
Substituting (Eq.  2.29) in (Eq.  2.27) and linearizing in a, we obtain  
 𝑖
𝜕𝑎
𝜕𝑧
=
𝛽2
2
𝜕2𝐴
𝜕𝑇2
− 𝛾𝑃0(𝑎 + 𝑎
∗) (Eq.  2.30) 
This linear equation can be easily solved in the frequency domain. Nevertheless, 
because of the a* term, the Fourier components at frequencies Ω and –Ω are coupled.  
 𝑎(ɀ, 𝑇) = 𝑎1  𝑒𝑥𝑝 , [𝑖(𝐾ɀ − 𝛺𝑇)] + 𝑎2𝑒𝑥𝑝[−𝑖(𝐾ɀ − 𝛺𝑇)],⁄  (Eq.  2.31) 
where K and Ω are the wave number and the frequency of perturbation, respectively. (Eq.  
2.30) and (Eq.  2.31) provide a set of two homogeneous equations for a1 and a2. This set has 
a nontrivial solution only when K and Ω satisfy the following dispersion relation  
 𝐾 = ±
1
2
|𝛽2𝛺|[𝛺
2 + 𝑠𝑔𝑛(𝛽2)𝛺𝑐
2]1 2⁄  (Eq.  2.32) 
where sgn(β2) = ±1 depending on the sign of β2, 
 Ω𝑐
2 =
4𝛾𝑃0
|𝛽2|
=
4
|𝛽2|𝐿𝑁𝐿
 (Eq.  2.33) 
The nonlinear length LNL is defined as 𝐿𝑁𝐿 = 1 𝛾𝑃0⁄ . Because of the factor exp (i(β0ɀ-
ω0t)) has been factored out in  
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 𝐸(𝑟, 𝑡) =
1
2
?̂?{𝐹(𝑥, 𝑦)𝐴(ɀ, 𝑡) exp[𝑖(𝛽0ɀ − 𝜔0𝑡)] + 𝑐. 𝑐.} 
(Eq.  2.34) 
the actual wave number and the frequency of perturbation are β0 ± K and ω0 ± Ω respectively. 
Therefore, the two terms in (Eq.  2.31) represents two different frequency components, ω0 + 
Ω and ω0 – Ω, that are present simultaneously.  
The dispersion relation (Eq.  2.32) shows that steady-state stability depends critically 
on whether light experiences normal or anomalous GVD inside the fiber. In the case of 
normal GVD (β0 > 0), the wave number K is real for all Ω, and the steady state is stable 
against small perturbations. In the case of anomalous GVD (β0 < 0), K becomes imaginary 
for |𝛺| < 𝛺𝑐, and the perturbation a(ɀ, T) grows exponentially with ɀ as seen from (Eq.  2.31). 
As a result, the cw solution (Eq.  2.28) is inherently unstable for β0 < 0. This instability is 
referred to as modulation instability. The instability leads to a spontaneous temporal 
modulation of the cw beam and transforms it into a pulse train (Agrawal, 2006) 
2.4.3.3 (b) SOLITON MODE-LOCKING  
Soliton mode-locking implies that the pulse shaping is solely done by soliton 
formation; the balance of GVD and SPM at steady state, with no additional requirements for 
cavity stability regime. Soliton mode-locking does not depend on the transverse Kerr effect. 
Therefore, the mode-locking mechanism is not critically dependent on cavity design and no 
critical cavity stability regime is required. Soliton mode-locking basically works over the full 
cavity stability range. 
In soliton mode-locking, an additional loss mechanism such as saturable absorber or 
an active modulator is essential to start the mode-locking process as well as stabilize the 
soliton pulse-forming process. In soliton mode-locking, the net gain window can remain open 
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for more than 10 times longer than the ultrashort pulse, depending on the specific laser 
parameter (Jung, Kärtner, Brovelli, Kamp, & Keller, 1995; Kartner, Jung, & Keller, 1996). 
Because the net gain window opening is 10 times longer than the ultrashort pulse, this relaxes 
the requirements on the saturable absorber. Therefore, we can obtain ultrashort pulses even 
in the 10 fs regime with semiconductor saturable absorbers that have much longer recovery 
times.
 
Fig.  2.17: Soliton mode-locking in (a) time and (b) frequency domain. In (a) the continuum 
pulse spreads in time due to GVD and experiences more loss in the relatively slow 
absorber, which is saturated by the shorter soliton pulse. However, in (b) the longer 
continuum pulse has a narrower spectrum and therefore experiences more gain than the 
spectrally broader soliton pulse. In normalized gain, soliton and continuum amplitudes , the 
continuum amplitude is the highest, followed by gain, then soliton  (Reproduced from 
Ursula Keller, 2004) 
Using slow saturable absorber as a starting and stabilizing mechanism for mode-
locking, there remains a time window with the net round-trip gain behind the pulse. There is 
still net gain because the loss caused by the absorber is very small for the trailing edge 
(assuming a fully saturated absorber). Therefore, we might expect that the long net gain after 
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the pulse would destabilize the pulse. However, there is no shaping action of the absorber at 
the trailing edge of the pulse. This is because the weak pulses experience a temporal shift by 
the absorber, which limits the time in which noise behind the pulse can be amplified. The 
absorber attenuates mostly the leading wing of the pulse, as a result, the pulse center is 
shifting backwards in each cavity round trip. In other words, the pulse is constantly moving 
backward and swallows any noise growing behind itself. As a note, weak reflections in the 
laser cavity could generate weak satellite pulses behind the main pulse. 
In soliton mode-locking, there is another factor that limits the above effect. The 
dispersion causes the background noise to temporally broaden and accordingly, it 
permanently loses the energy in those parts which made the noises drift into the time regions 
with net loss. 
Soliton mode-locking can be expressed by using Haus master equation formalism, 
where we take into account GVD, SPM and slow saturable absorber q(T, t) that recovers 
slower than the pulse duration (refer to Fig.  2.17a) (Kärtner & Keller, 1995; Kartner et al., 
1996) 
∑ ∆𝐴𝑖
𝑖
= [−𝑖𝐷
𝜕2
𝜕𝑡2
+ 𝑖𝛿𝐿|𝐴 (𝑇, 𝑡)|
2] 𝐴 (𝑇, 𝑡)
+ [𝑔 − 𝑙 + 𝐷𝑔
𝜕2
𝜕𝑡2
− 𝑞 (𝑇, 𝑡)] 𝐴 (𝑇, 𝑡) = 0 
(Eq.  2.35) 
Here, A(T, t) is the slowly varying field envelope, D is the intracavity Group Delay 
Dispersion (GDD), 𝐷𝑔 = 𝑔 𝛺𝑔
2⁄  is the gain dispersion, Ωg is the Half-Width of Half-
Maximum (HWHM) of gain bandwidth. The SPM coefficient δ is given by 𝛿 =
(2𝜋 𝜆0𝐴𝐿⁄ )𝑛2ℓ𝐿, where n2 is the intensity dependent refractive index of the gain medium, λ0 
is the center wavelength of the pulse and AL and ℓ𝐿is the effective mode area in the gain 
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medium and length of light path through the gain medium within one round-trip, respectively. 
g is the saturated gain and l is the round-trip losses. q(T, t) is the response of the saturable 
absorber due to an ultrashort pulse.  
The differential equation can be solved analytically using soliton perturbation theory. 
The first bracket term of the term determines the nonlinear Schrödinger equation for which 
the soliton pulse is a stable solution for negative GVD (D < 0) and positive SPM (𝑛2 > 0): 
 𝐴(𝑧, 𝑡) =  𝐴0 sech (
𝑡
𝜏
) 𝑒−𝑖𝜙𝑠(𝑧) (Eq.  2.36) 
This soliton pulse propagates without distortion through a medium with negative 
GVD and positive SPM. The positive effect of SPM cancels the negative effect of dispersion. 
The FWHM soliton pulse duration is given by 𝜏𝑝 = 1.7627 · 𝜏 and the time-bandwidth 
product (TBP) is ∆𝜏𝑝𝜐𝑝 = 0.3148. ϕs (z) is the phase shift of the soliton as it propagates along 
the z-axis. 
For a given negative of dispersion and an intracavity pulse energy, Ep, the pulse 
duration is given by 
 𝜏𝑝 = 1.7627
2|𝐷|
𝛿𝐿𝐸𝑝
 (Eq.  2.37) 
 In (Eq.  2.37) in the pulse duration is a product of balance between dispersion 
and SPM with pulse energy.  
This soliton pulse losses energy due to gain dispersion and losses in the cavity. Gain 
dispersion and losses can be assumed as a perturbation to the nonlinear Schrödinger equation 
in which a soliton is a stable solution (i.e. the second bracket term in (Eq.  2.35). The lost 
energy, is called continuum in soliton perturbation theory, is originally contained in a low-
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intensity background pulse, which experiences negligible SPM, but spreads in time due to 
GDD (refer toFig.  2.17). In soliton mode-locking, a stable soliton pulse is formed for all 
GDD values as long as the continuum loss is larger than the soliton loss (Kartner et al., 1996) 
or the pulses break up to become into two of more pulses (Au, Kopf, Morier-Genoud, Moser, 
& Keller, 1997). When there is no pulse break up, the minimal pulse duration is given when 
the loss for the continuum pulse becomes equal to the loss of the soliton pulse. When the 
soliton pulse is stable, the saturated gain is equal to the loss 
 𝑔 = 𝑙 + 𝑙𝑠 𝑤𝑖𝑡ℎ 𝑙𝑠 =
𝐷𝑔
3𝜏2
+ 𝑞0
𝐸𝑠𝑎𝑡,𝐴
𝐸𝑝
[1 − 𝑒𝑥𝑝 (−
𝐸𝑝
𝐸𝑠𝑎𝑡,𝐴
)] (Eq.  2.38) 
where l  is the total saturated amplitude loss coefficient per cavity round trip and ls is 
the additional loss experienced by the soliton due to gain filtering (i.e. the first term of (Eq.  
2.38) and the amplitude loss coefficient for saturation of the slow saturable absorber (i.e. the 
second term of (Eq.  2.38). Soliton perturbation theory then determine the round trip loss of 
the continuum pulse (Kartner et al., 1996). The continuum is spread in time due to dispersion 
and thus experience enhanced loss in the recovering absorber that has been saturated by the 
much shorter soliton pulse. 
Therefore, we can predict the minimum pulse duration for soliton pulse (Kärtner & 
Keller, 1995; Kartner et al., 1996) 
𝜏𝑝,𝑚𝑖𝑛 = 1.7627 (
1
√6Ω𝑔
)
3 4⁄
𝜙𝑠
−1 8⁄ (
𝜏𝐴𝑔
3/2
𝑞0
)
1/4
≈ 0.45 (
1
Δ𝜐𝑔
)
3/4
(
𝜏𝐴
Δ𝑅
)
1/4 𝑔3/8
𝜙𝑠
1/8
 
(Eq.  2.39) 
where ϕs is the phase shift of the soliton per cavity round trip, Δνg is the FWHM gain 
bandwidth and ΔR ≈ 2q0. In (Eq.  2.39) we assume a fully saturated slow saturable absorber 
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and a linear approximation for the exponential decay of the slow saturable absorber. 
However, (Eq.  2.39) does not indicate when the soliton pulse would break up into two 
solitons which would occur if the saturable absorber is too strongly saturated. 
In soliton mode-locking, the dominant pulse formation process is due to the balance 
between positive SPM and negative dispersion inside the cavity. The pulse duration is given 
by (Eq.  2.37). From (Eq.  2.37), it shows that pulse duration has a linear relationship with 
the negative GDD inside the laser cavity. In soliton mode-locking, an unchirped soliton pulse 
can be obtained for all dispersion levels as long as the stability requirement against the 
continuum is fulfilled. Higher-order dispersion only increase the pulse duration, therefore, it 
is undesirable and assumed to be compensated.  
Solitons alone are not stable. The continuum pulse is much longer and thus 
experiences only the gain at line center, while the solitons   reveal an effectively lower 
average gain because of its larger bandwidth. Therefore, the continuum shows a higher gain 
than soliton. After a sufficient built-up time, the continuum would actually grow until it 
reaches lasing threshold, and subsequently, destabilizing that soliton. Nevertheless, we can 
stabilize the soliton by introducing a relatively slow saturable absorber into the cavity. The 
absorber is fast enough to add sufficient additional loss for the growing continuum that 
spreads in time during its build-up phase so that it no longer reaches lasing threshold. 
In conclusion, soliton shaping effects can allow for the generation of significantly 
shorter pulses, compared to cases without SPM and dispersion. The improvement is 
especially large for absorbers with a relatively low modulation depth and when the absorber 
recovery is not too slow. In this case, the absorber only needed to stabilize the solitons against 
the growth of the continuum while pulse shaping is done by the soliton effects. In general, 
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the absorber parameters are not critical. To obtain the desired pulse duration, we need to 
adjust the dispersion and SPM (Ursula Keller, 2004). 
2.5  GRAPHENE 
The Nobel Prize for physics in 2010 was awarded to Sir Professor Andre Geim  and 
Sir Professor Konstantin Novoselov for their “groundbreaking experiments regarding the 
two-dimensional material graphene” (Novoselov et al., 2004). Graphene is a two-
dimensional (2D), flat mononolayer of carbon atoms. The graphene lattice resembles a 
honeycomb lattice by sp2 hybridization. The C-C bonds in the graphene constitute 2 inplane 
σ(s, px, py) orbitals and π(pz) orbital perpendicular to the sheet (S. Yamashita, 2012). It is a 
basic building block for graphitic materials of all other dimensionalities. A 2D graphene can 
be wrapped up into 0D fullerenes, rolled into 1D carbon nanotubes or stacked on top of one 
another to form 3D graphite (refer to Fig.  2.18). 
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Fig.  2.18: Graphene is the basic building of all graphitic forms. Graphene can be wrapped 
up into 0D fullerenes, rolled into 2D carbon nanotube and stacked into 3D graphite 
(Reproduced from A.K. Geim & Novoselov, 2007). 
Although the original definition of graphene is a “flat monolayer of carbon atoms”, it 
was shown that the electronic structure rapidly evolves with the number of layers, 
approaching 3D limit of graphite at 10 layers. Therefore, the term ‘graphene’ is still 
applicable to 10 layers of carbon atoms.  Beyond 10 layers of graphene, the electronics 
properties resembles the electronics properties of graphite (Partoens & Peeters, 2006). 
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2.5.1 THE ELECTRONIC AND BAND STRUCTURE OF 
GRAPHENE 
The structural flexibility of graphene can be traced to its electronic structure. The sp2 
hybridization between one s orbital and two p orbitals lead to a trigonal planar structure with 
a formation of a σ bond between carbon atoms that are separated by 1.42 Å. The σ band is 
responsible for the robustness of the lattice structure in all allotropes. Owing to the Pauli 
principle, these bands have a filled shell and therefore, form a deep valence band. The 
unaffected p orbital, which is perpendicular to the planar structure can bind covalently with 
the neighboring carbon atoms, leading to the formation of a π band. Since each p orbital has 
one extra electron, the π band is half filled (Neto, Guinea, Peres, Novoselov, & Geim, 2009). 
Further observation of the band structure of graphene reveals three electronics 
properties that sparked such interest; the vanishing carrier density at Dirac point, the 
existence of pseudo-spin and the relativistic nature of its carriers. The band structure of 
graphene is shown in Fig.  2.19. The valance and conduction bands meet at high symmetry 
K points (Fig.  2.19). Because the conduction and valence band meet at a symmetry K point, 
graphene is considered as zero-gap semiconductors (or zero-overlap semimetals) (A.K. Geim 
& Novoselov, 2007). In intrinsic graphene, each carbon atom contributes one electron 
completely filling the valance band and leaving the conduction band empty. Therefore, the 
Fermi level, EF, is situated precisely where the conduction and valence bands meet. These 
are known as the Dirac or charge neutrality points. Due to this unique band structure of 
graphene, the following are three important features which to a large extent define the nature 
of electron transport of this material. 
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 The occupied valance and empty conduction bands meet at Dirac point at 
which the density of states (DOS) is zero. Graphene is therefore best described 
as a zero-gap semiconductor, with vanishing DOS at the Dirac point but no 
energy gap between the valence and conduction bands. 
 Close to the Fermi energy, the band structure of graphene can be described in 
terms of two inequivalent Dirac cones situated at K and K’. In order for an 
electron to scatter from K to K’ requires a large momentum change. Electron 
transport in graphene can therefore be thought of as occurring in parallel 
through the K and K’ Dirac cones. As such charge carriers in graphene have, 
as well as orbital and spin quantum numbers, a valley or pseudospin quantum 
number with a degeneracy of 2. The term pseudospin is used due to the 
analogy with real spin. Both however, are completely independent of one 
another. 
 Close to the Dirac point, the graphene dispersion relation is linear in nature. 
This linear-dispersion relation is best described by the relativistic Dirac 
equation. In this description the charge carriers (electron and holes) are 
considered as massless Dirac fermions travelling with a group velocity of νF 
≈ 1 x 106 ms-1 (Warner, Schaffel, Rummeli, & Bachmatiuk, 2012) 
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Fig.  2.19: Band structure of graphene. (a) Dispersion relation under tight-binding 
approximation, (b) Dirac cones near Dirac point, and (c) Density of states (DOS) near 
Fermi level (Reproduced from S. Yamashita, 2012) 
2.5.2 OPTICAL PROPERTIES OF GRAPHENE 
Apart from having a unique electronic properties, graphene also has several 
interesting optical properties. For example, graphene can be detected optically, despite being 
one atom thick (Blake et al., 2007; Casiraghi et al., 2007). The Dirac linear-dispersion 
relation implying that broadband application is possible. Third-order nonlinear photonics 
such as saturable absorption, originates from Pauli blocking (Qiaoliang Bao et al., 2009; 
Zhipei Sun, Daniel Popa, Tawfique Hasan, Felice Torrisi, Fengqiu Wang, EdmundJ R. 
Kelleher, et al., 2010), and graphene can be made luminesce by chemical and physical 
treatments (G. Eda et al., 2009; Gokus et al., 2009).  
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2.5.2.1 LINEAR OPTICAL ABSORPTION 
Owing to the unique electronics properties, graphene is found to absorb a significant 
amount of incident light, despite being only one atom thick. The transmittance of a single-
layer graphene is calculated to be 
 𝑇 = (1 − 0.5𝜋𝛼)−2  ≈ 1 − 𝜋𝛼 ≈ 97.7% (Eq.  2.40) 
where 𝛼 = 𝑒2 ħ𝑐 ≈ 1/137⁄  is the fine-structure constant. ħ is Plank constant, c is the 
speed of light and e is the electron charge (Nair et al., 2008). Graphene only reflects <0.1% 
of the incident light in the visible region, increasing to ~2% for ten layers. Therefore, we can 
assume that the optical absorption of graphene layers is relative to the number of layers, for 
each layer absorbing 𝐴 ≈ 1 − 𝑇 ≈ 𝜋𝛼 ≈ 2.3% over the visible spectrum (Nair et al., 2008). 
Because of the linear dispersion relation of graphene, graphene absorption is independent of 
wavelength (refer to Fig.  2.20) (Bonaccorso, Sun, Hasan, & Ferrari, 2010; S. Yamashita, 
2012). 
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Fig.  2.20: Transmittance spectrum of single-layer graphene (open circles). Slightly lower 
transmittance for λ < 500 nm is probably due to hydrocarbon contamination. The red line is 
the transmittance expected for two-dimensional Dirac fermions, whereas the green curve 
takes into account a nonlinearity and triangular warping of graphene’s electronics spectrum. 
The grey area indicates the standard error for the measurement. (Inset) Transmittance of 
white light as a function of the number of graphene layers (square) (Reproduced from Nair 
et al., 2008). 
2.5.2.2 SATURABLE ABSORPTION 
Interband excitation by ultrafast optical pulses produces a non-equilibrium carrier 
population in the valence and conduction bands. In time-resolved measurements (Breusing, 
Ropers, & Elsaesser, 2009), two relaxation timescales are observed; a faster one of ~100 fs 
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and a slower one, on picosecond timescale. The faster relaxation time is related to the carrier-
carrier intraband collisions and phonon emission. The slower relation time corresponds to 
electron interband relaxation and cooling of hot phonons (Kampfrath, Perfetti, Schapper, 
Frischkorn, & Wolf, 2005; Lazzeri, Piscanec, Mauri, Ferrari, & Robertson, 2005). 
The linear dispersion of the Dirac electrons denote that for excitation there will 
always be an electron-hole pair in resonance. If the relaxation times are shorter than the pulse 
duration, during the pulse, the electrons reach a stationary state and collisions put electrons 
and holes into thermal equilibrium at an effective temperature. The populations determine 
the electron and hole densities, total energy density and a reduction of photon absorption per 
layer, due to Pauli blocking.  
For linear dispersions near the Dirac point, pair-carrier collisions cannot lead to 
interband relaxation, therefore conserving the total number of electrons and holes separately. 
Interband relaxation by phonon emission can occur only if the electron and hole energies are 
close to the Dirac point (within the phonon energy). For graphite flakes, the dispersion is 
quadratic and pair-carrier collisions can lead to interband relaxation. As a conclusion, in 
principle, single-layer graphene can provide the highest saturable absorption (Bao et al., 
2010; González, Guinea, & Vozmediano, 1996; Z. Sun et al., 2010). 
It is the saturable absorption property in graphene that is responsible for generating 
ultrashort pulses. Techniques of incorporating graphene SA into fiber laser includes graphene 
polymer composites (Qiaoliang Bao et al., 2009; Zhipei Sun, Daniel Popa, Tawfique Hasan, 
Felice Torrisi, Fengqiu Wang, Edmund J. R. Kelleher, et al., 2010), optical deposition 
(Martinez et al., 2010), mechanical exfoliation (Chang, Kim, Lee, & Song, 2010; Martinez 
et al., 2011), graphene nano-particles embedded in hollow core photonics crystal fiber (PCF) 
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(Lin, Yang, Liou, Yu, & Lin, 2013) and evanescent field interaction (Z. Q. Luo et al., 2012; 
Song, Jang, Han, & Bae, 2010). 
2.5.2.3 LUMINESCENCE 
Graphene can be made luminescence by inducing a bandgap through two techniques 
to modify the electronic structure of graphene. One technique is by cutting it into ribbons and 
quantum dots (Dössel, Gherghel, Feng, & Müllen, 2011)and the other technique is by 
chemical or physical treatments (Gokus et al., 2009; Stöhr, Kolesov, Pflaum, & Wrachtrup, 
2010), to reduce the connectivity of the π-electron network. Individual graphene flakes can 
be made luminescent by mild oxygen plasma treatment as in Fig.  2.21(d), in which a uniform 
photoluminescence map and the corresponding elastic scattering image are compared. It is 
also possible to make hybrid structures by etching just the top layer, while making the 
underlying layers stay intact. The combination of photoluminescent and conductive layers 
could be used in sandwich light-emitting diodes. Luminescent graphene-based material has 
been made to cover the infrared, visible and blue spectral ranges (Bonaccorso et al., 2010; G. 
Eda et al., 2009; Gokus et al., 2009; Lu et al., 2009; X. Sun et al., 2008). 
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Fig.  2.21: The optical properties of graphene. a) Elastic light scattering (Rayleigh) image 
of a graphite flake with varying number of graphene layer. b) Light transmittance 
percentage according to graphene layers (inset: sample design for the experiment). c) 
Schematic of photoexcited electron kinetics in graphene, with possible relaxation 
mechanisms for the non-equilibrium electron population. d) Photoluminescence (top) and 
elastic scattering (bottom) images of oxygen-treated flake. 1L indicates a monolayer 
graphene (Reproduced from Bonaccorso et al., 2010)  
2.6 GRAPHENE OXIDE (GO) 
Graphite oxide (GO) has been synthesized as early as 1860 (Brodie, 1860). Due to 
the recent discovery of graphene (Novoselov et al., 2004), interest in graphene oxide was 
reignited. GO is a layered material consisting hydrophilic oxygenated graphene sheet 
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containing oxygen functional groups on their basal planes and edges (Dmitriy A. Dikin et al., 
2007). The reason behind the renewed interest in graphene oxide lies in the difficulty of mass 
producing graphene. Although producing graphene is simple (mechanical exfoliation 
method), the method is labour intensive and there is little control over the size and shape of 
the flakes and their position on a wafer. Therefore, the method is deemed not suitable for 
producing graphene in mass quantity. Other methods of producing graphene were also 
invented, such as growth on SiC (Berger et al., 2006), Cu (Li et al., 2009), Ni (Kim et al., 
2009) and other surfaces. 
GO offers a route to producing graphene by mass quantities (Segal, 2009). While 
graphene is hydrophobic, GO that is sonicated in water leads to a stable colloidal suspension. 
The GO then can be further chemically reduced to graphene sheets. GO also has band gap 
which add to the advantage of GO to serve as important component in graphene-based 
electronics. By selectively oxidizing portions of graphene sheet, it is possible to isolate 
conductive regions and develop barrier layers for electronic devices. Another advantage of 
GO is its ability to change the electronic properties from semiconductor to insulator (Stewart 
& Mkhoyan, 2012).  
Following complete exfoliation in water, GO sheets can be assembled into a paper-
like material under a directional flow. The result is a material that is uniform and dark brown 
under transmitted white light and almost black in reflection when thicker than 5 μm. The 
material is called GO paper (Dmitriy A. Dikin et al., 2007). 
2.6.1 ELECTRONIC AND BAND STRUCTURE OF GO 
GO is often referred to as insulating and disordered analogue of the highly conducting 
crystalline graphene. Physicist is interested in the latter part, because of its unique electronic 
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structure with linear dispersion of Dirac electrons. Therefore, GO is an electronically hybrid 
material the showcases both conducting π-states from sp2 carbon sites and a large energy gap 
(carrier transport gap) between the σ-states of its sp3-bonded carbons. The ability to modify 
the ratio of sp2 and sp3 fraction by reduction chemistry can transform GO from insulator to a 
semiconductor and to a graphene-like semi-metal (Eda, Mattevi, Yamaguchi, Kim, & 
Chhowalla, 2009; Loh, Bao, Eda, & Chhowalla, 2010). 
 Due to its random distribution of epoxy and hydroxyl groups on the surface of 
graphene oxide, the electronic structure of GO is difficult to discuss in terms of a crystalline 
band structure model (Stewart & Mkhoyan, 2012). Lerf-Klinowski model, as shown in Fig.  
2.22a, has been experimentally supported and generally accepted as a chemical arrangement 
of a single atomically thing layer of GO (He, Klinowski, Forster, & Lerf, 1998). Recently 
Gao, Alemany, Ci, and Ajayan (2009), has suggested a new insights into the structure of GO 
sheet as shown in Fig.  2.22b, with five- and six-membered lactol rings decorating the edges 
as well as esters of tertiary alcohols on the surface. 
 
Fig.  2.22: a) the chemical structure of a single sheet of GO by Lerf-Klinowski model, b) 
the chemical structure of GO sheet as recently proposed by Gao et al. taking into account 
the five- and six-membered lactol rings (blue), ester of a tertiary alcohol (purple), hydroxyl 
(black) epoxy (red) and ketone (green) functionalities (Reproduced from Loh et al., 2010). 
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The presence of localized finite-sized molecular sp2 clusters within an sp3 matrix can 
lead to confinement of π- electrons in GO. The size of sp2 clusters determines the local energy 
gap and thus, responsible for determining the wavelength of the emitted fluorescence. Due 
to a range of sp2 cluster sizes are present in GO, the collective band structure has no signature 
features as depicted in Fig.  2.23. Several studies suggest that GO possesses an energy gap 
which can be tune by controlling the degree of oxidation or reduction as well as reversible 
absorption and desorption of oxygen atoms on the graphene (Jeong, Jin, So, Lim, & Lee, 
2009; Z. Luo, Vora, Mele, Johnson, & Kikkawa, 2009; Shen et al., 2013; Tsuchiya, Terabe, 
& Aono, 2013). 
 
Fig.  2.23: Schematic band structure of GO (pink and blue indicates conduction and valence 
bands, respectively). Smaller sp2 domains have a larger energy gap due to stronger 
confinement effect. Photogeneration of an electron-hole (e-h) pair on absorption of light 
(Eexc) followed by non-radiative relaxation and radiative recombination resulting in 
fluorescence (EPL) is depicted. Black arrows denote the transitions of electrons and holes 
during this process. DOS is electronic density of states (Reproduced from Loh et al., 2010). 
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2.6.2 OPTICAL PROPERTIES OF GO 
With its origin in graphene, GO is expected to possess the optical properties of 
graphene. Saturable absorption and flourescence are thought to be inherent in GO. However, 
due to the nonstoichiometric chemical composition of GO, it is difficult to determine the 
fundamental properties of GO such as energy band gap and optical properties. 
2.6.2.1 PHOTO BLEACHING AND PHOTO ABSORPTION IN GO 
Ultrafast carrier dynamics, Pauli blocking and large absorption bandwidth have made 
graphene an ideal ultrabroadband saturble absorber. Altering band gap as well as electrical 
and optical properties of graphene has become a subject of intensive research. Because of 
that, scientists have turn their attention to GO, which possesses heterogeneous chemical and 
electronic structures, with the fact that it can be processed in water. 
Z.-B. Liu et al. (2011) have reported an observation of a heterogeneous nonlinear 
optical response contribution to the transient differential transmission in GO. By increasing 
the pump intensities, the transient optical response exhibits a crossover from bleaching to 
enhanced absorption as two-photon absorption (TPA) of sp3 domains becomes more 
noticeable. At low pump intensity, the pump-induced change in transmission is dominated 
by photobleaching (PB). This characteristic is the result from Pauli blocking of the strong 
interband optical transitions in the sp2 domains. As a result from Pauli blocking, saturable 
absorption occurs in GO. 
In GO, the existence of oxygen-containing functional groups with C-O bonds results 
in a transformation of carbon atom from sp2 to sp3 hybridization. There is a large energy gap 
between σ states of its sp3-bonded carbons in GO as in Fig.  2.24. At low pump intensity, the 
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optical transition in the sp3 domains is forbidden, and the optical absorption decreases as state 
filling of the interband transition in the sp2 domains dominates the transient response. At high 
intensity pump power, a fast photoinduced absorption (PA) that has a negative signal ΔT / T0 
can be observed following the PB. Referring to the energy band gap structure of sp3 domains 
in Fig.  2.24, we can conclude that TPA is dominating at high pump power intensity (Z.-B. 
Liu et al., 2011). The PA mechanism of GO at high intensity laser, makes the GO an excellent 
broadband optical limiter (an optical components that limits transmission of intense light). 
 
Fig.  2.24: Depiction of transient absorption in sp2 and sp3 domains; saturable absorption 
(SA) and two-photon absorption (TPA). The incident excitation induces a positive transient 
differential transmission in sp2 domains due to SA and negative transient differential 
transmission in sp3 domains due to TPA. The insets are the band gap structures of sp2 
domains (left) and sp3 domains (right). The bottom shows that the combination of both 
transient differential transmission corresponds to sp2 and sp3 domains, respectively 
(Reproduced from Z.-B. Liu et al., 2011). 
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2.6.2.2 FLUORESCENCE IN GO 
The absence of energy band gap in graphene implies that fluorescence is not possible 
unless assisted by phonons (Essig et al., 2010). In contrast to graphene, GO display evidence 
of near-infrared (NIR), visible and ultraviolet fluorescence as a consequence of the 
heterogeneous atomic and electronic structures (Cuong et al., 2010; Eda et al., 2010; Z. Luo 
et al., 2009; Pan, Zhang, Li, & Wu, 2010; Subrahmanyam, Kumar, Nag, & Rao, 2010). 
The chemical versatility and tunability of GO alongside with easy process ability 
makes GO an attractive candidate for a wide range of applications. Strongly heterogeneous 
atomic and electronic structures of GO denote that fluorescence in GO arises from 
recombination of electron-hole pairs in localized electronic states originating from various 
possible configurations, rather than from band-edge transitions as is the case in typical 
semiconductors. While the exact mechanism that is responsible for fluorescence in GO is 
unclear, various groups have reported some key experimental observations and proposed 
different mechanisms. 
Low-energy fluorescence in the red to NIR region in laterally nanosized GO aqueous 
suspensions have been reported by Sun and colleagues (Z. Liu, Robinson, Sun, & Dai, 2008; 
X. Sun et al., 2008). Z. Luo et al. (2009) published a comparable fluorescence properties for 
suspensions and solid samples containing as-synthesized GO with typical lateral dimension 
of 1-10 μm, implying that the lateral size of the sheets is not the main factor controlling the 
emission energy. Gokus et al. (2009) reported broad red to NIR fluorescence from an oxygen-
plasma-treated, mechanically exfoliated graphene sample. The conclusion from these 
findings, from the fact that similar fluorescence properties can be observed from nanosized 
GO, as-synthesized GO and oxygen-plasma-treated graphene, suggest that the origin of 
fluorescence in GO is closely related. 
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An alternative explanation for fluorescence in GO has also been proposed by Pan et 
al. (2010), who used the hydrothermal route to cut GO sheets into blue-luminescent graphene 
quantum dots. From their analysis, emission from zigzag sites with a carbene-like triplet 
ground states described as σ1π1 has been proposed as possible explanation for the 
fluorescence. Moreover, previous observations of fluorescence from carbon nanoparticles 
and functionalized carbon nanotubes have been attributed to the presence of oxygen-
containing functional groups (Loh et al., 2010). 
2.7 CARBON NANOTUBE (CNT) 
In 1991, Sumio Iijima, who was then a Senior Principle Researcher at NEC 
Corporation, published a paper in which he observed a graphitic carbon needles using an 
electron microscope (Iijima, 1991). Although traces of carbon nanotube can be found in 
ancient Damascus sabre steel from the seventeenth century (Reibold et al., 2006), Sumio 
Iijima, nonetheless, is often cited as the inventor of carbon nanotube. 
 In simple description, carbon nanotube (CNT) is a rolled-up graphene (refer to Fig.  
2.18), whose typical diameter is ~1 nm and has a typical length of ~1 μm. Therefore, it is a 
long 1-D material. CNT can be classified into two categories; single-wall (SWCNT) and 
multiwall (MWCNT) (refer to Fig.  2.25). The CNT structure is determined by how the 
single-layer graphene is rolled, and defined by a single parameter; chirality. Chirality is 
expressed by a chiral vector Ch, connecting two crystallographically equivalent sites 
(connecting points in rolling) of the 2-D graphene sheet. The chirality, Ch is define as  
 𝑪ℎ = 𝑛𝒂1 + 𝑚𝒂2 ≡ (𝑛, 𝑚) (Eq.  2.41) 
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where a1 and a2 are the unit vectors of the hexagonal honeycomb lattice. The structure of any 
CNT can be defined by a pair of integers (n, m) the determined its chiral vector (Phaedon 
Avouris & Chen, 2006). Depending on the chiral vector, CNT can be classified as metallic 
or semiconducting. Fig.  2.26 show graphical example how chirality is determined. 
 
Fig.  2.25: SWCNT and MWCNT (Reproduced from Choudhary & Gupta, 2011) 
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Fig.  2.26: Representation of the CNT structure through the folding of a graphene sheet. 
The chirality vector Ch of a (5,2) CNT is shown as an example (Reproduced from S. 
Yamashita, 2012). 
If n-m = 3k (k is integer) the CNT is classified as metallic CNT, and n-m ≠ 3k is for 
semiconducting CNT. Fig.  2.27  shows the band structure of metallic and semiconducting 
CNTs and their associated density of states (DOS). 
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Fig.  2.27: Band structures and density of states of (a),(c) metallic CNT and (b),(d) 
semiconducting CNT (Reproduced from S. Yamashita, 2012). 
2.7.1 ELECTRONIC AND BAND STRUCTURE OF SWCNT 
The band structure of the “rolled-up” graphene can be assumed under a simple tight-
binding model of Riichiro Saito, Fujita, Dresselhaus, and Dresselhaus (1992). In Riichiro 
Saito et al. (1992), CNT is considered as a roll of graphene layers. The unit cell of the sheet 
contains two carbon atoms, where each carbon atoms have four valence electrons. Therefore, 
the tight-binding model of (Riichiro Saito et al., 1992) resulted in eight bands; four valence 
bands and four conduction bands. One s orbital and two in-plane p orbitals of each carbon 
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atom are sp2-hybridized. Due to the different symmetry of the sp2-hybridized orbitals and pz 
orbitals, the matrix elements of the Hamiltonian and the overlap matrix elements between 
such orbitals vanish. The sp2-hybridized orbitals form the so-called σ valence bands and σ* 
conduction bands. The pz orbitals of the carbon atoms, oriented perpendicular to the sheet (ɀ-
direction), form the π valence and the π* conduction band. As a result, the problem for the 
band structure of a graphite sheet conveniently splits into a problem for the σ and σ* bands, 
and a problem for the π and π* bands. The resulting band structure of graphene is 
characterized with π and π* bands degenerate at the K points in the hexagonal Brillouin zone 
of the sheet (Fig.  2.28). 
 
Fig.  2.28: The electronic band structure of a graphite sheet calculated within a π-band 
tight-binding model. The valence π and conducting π* bands show degeneracy at the K  
points in the Brillouin zone at the Fermi level (Reproduced from Popov, 2004). 
The degenerate energy level corresponds to the Fermi energy, which shows that the 
graphene sheet is a zero-gap metal. By rolling-up graphene strip into cylindrical nanotube, 
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the band structure of the nanotube can be derived from that of the graphene sheet by the zone-
folding method. However, this model completely ignores the curvature effect of CNTs (S. 
Yamashita, 2012). The one-dimensional (1D) band structure of a (n, m) nanotube is given by 
the zone-folding relation by use of the two-dimensional band structure of graphene (R Saito, 
1998)  
 𝐸𝑘𝜇 = 𝐸2𝐷 (𝑘
𝑲2
|𝑲2|
+ 𝜇𝑲1) (Eq.  2.42) 
where k is the 1D wavevector (-π/T < k < π/ T, T being the translation period of the nanotube) 
and μ is a discrete quantum number (μ = 1, 2, …, N is the number of carbon pairs in the unit 
cell of the nanotube). The vectors K1 and K2 are expressed through the reciprocal lattice 
vectors b1 and b2 of the graphene sheet as  
 𝑲1 =
−𝑡2𝒃1 + 𝑡1𝒃2
𝑁
𝑎𝑛𝑑 𝑲2 =
𝑚𝒃1 − 𝑛𝒃2
𝑁
 (Eq.  2.43) 
The 1D band structure of a given SWCNT consists of the 2D band structure of the 
graphene sheet along N lines along K2 in the 2D Brillouin zone of the sheet. If for a given 
nanotube, one of these lines passes through a K point, the tube will have a finite energy gap. 
In the former case, the tube is metallic and in the latter case, it is semiconducting. In the 
folding-zone method, a tube is metallic if n-m is a multiple of 3 and semiconducting if n-m 
is not a multiple of 3 (Hamada, Sawada, & Oshiyama, 1992; Wilder, Venema, Rinzler, 
Smalley, & Dekker, 1998) (Fig.  2.31). As with other 1D systems, the electronics density of 
states is govern by van Hove singularities. 
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Fig.  2.29: Electronic band structure of nanotubes (a) (5, 5), (b) (9, 0) and (c) (10, 0) 
derived by zone-folding of the band structure of the graphene sheet; a is the nearest-
neighbor C-C separation and γ0 = 2.9 eV (Reproduced from Popov, 2004) 
2.7.2 OPTICAL PROPERTIES OF CNT 
Essentially a rolled-up graphene, most of the electronic properties of CNT are 
inherent of the unusual electronic properties of graphene.  
2.7.2.1 OPTICAL ABSORPTION OF CNT 
The semiconducting CNTs has peak absorption wavelength depending on the optical 
bandgaps. Typical CNT with diameter d, of 7-15 nm has a bandgap energy of 1.2-0.6 eV, 
corresponds to the optical wavelength of 1-2 μm. Thus, the peak absorption can be tuned by 
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choosing the appropriate diameter. However, since CNTs are a mixture of several or many 
kinds of semiconducting and metallic CNT as well as different diameter distribution, the 
absorption peak is determined by the mean tube diameter and the absorption bandwidth 
depends on the tube diameter distribution.  Fig.  2.30 shows a transmission spectrum of a 
CNT sample. Although CNT is essentially a rolled-up graphene, the absorption of CNT is 
nonlinear.  
The optical absorption in CNT is anisotropic because CNT only absorbs the light 
whose polarization is parallel to the axial direction of the tube, therefore, an aligned CNT 
sample is polarization dependent (Shinji Yamashita et al., 2006). In spite of this, since we 
use a randomly oriented CNT samples, the CNT is polarization independent (S. Yamashita, 
2012).  
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Fig.  2.30: CNT transmission spectrum showing saturable absorption and non-saturable 
background absorption (Reproduced from Set, Yaguchi, Tanaka, & Jablonski, 2004b). 
2.7.2.2 ELECTROLUMINESCENCE AND 
PHOTOLUMINESCENCE IN CNT 
The direct bandgap that exists in CNT suggest that they can be an efficient light 
absorbers and emitters. Studies regarding electroluminescence properties of SWCNT-
polymer composites have been performed (Kazaoui et al., 2005; Z. Xu, Wu, Hu, Ivanov, & 
Geohegan, 2005). Electron and hole carriers in semiconductors can recombine by different 
sorts of mechanism. In most of the cases, the energy will be released as heat. Nevertheless, a 
fraction of the recombination events may involve the emission of a photon. The process is 
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called electroluminescence and is responsible for producing solid-state light sources such as 
light-emitting diodes (LED).  
In order to fabricate LEDs or any other electroluminescent device, significant 
recombination of electrons and holes population is necessary. In ambipolar CNT-field effect 
transistor (CNT-FET), at an appropriate bias, electrons and holes can be simultaneously 
injected at the opposite ends of the CNT channel. The process allows electroluminescence to 
occur (Misewich et al., 2003). The radiation also has a characteristic energy that depends on 
the diameter and chirality of the excited CNT,  (Phaedon Avouris & Chen, 2006).  
The direct bandgap of a semiconducting CNT is responsible for the 
photoluminescence phenomena in CNT. An electron in a CNT absorbs excitation light via 
transition from v2 to c2 and creates another excitation (refer to Fig.  2.31). Electron and hole 
rapidly relax from c2 to c1 and from v2 to v1 states respectively. When plotting the emission 
wavelength as function of excitation wavelength, we can identify the chirality distribution, 
as depicted in Fig.  2.31. Luminescence can only be observed in isolated semiconducting 
CNTs because the bundled CNTs have rapid transfer process from semiconducting to 
metallic CNTs (Reich, Thomsen, & Maultzsch, 2008). 
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Fig.  2.31: Contour plot of fluorescence intensity versus excitation as a function of 
excitation and emission wavelength for a sample of SWCNTs  (Bachilo et al., 2002) 
2.7.2.3 SATURABLE ABSORBER  
SWCNT has been utilized as saturable absorber (SA) for mode-locking fiber laser 
long before graphene. The first publication of SWCNT SA can be traced as early as 2003 
(Sze Y Set et al., 2003). CNT can saturate with high-intensity light when the states of 
conduction band becomes full and the states at valence band becomes empty. Furthermore, 
the recovery time, τ is observed to be very fast. 
In semiconducting CNT, the recovery time of E11 transition is an order of 1 ps, and 
the transition of E22 is in the order of 100 fs (refer to Fig.  2.27). Slower recovery in an order 
of several ps is also seen in the E11 transition. Several mechanisms are believed to be 
responsible for the fast relaxation have been proposed. These mechanisms are multi-phonon 
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emission (Ichida, Hamanaka, Kataura, Achiba, & Nakamura, 2002), tube-tube interaction 
(Tatsuura et al., 2003) and exciton-exciton annihilation (Ma, Hertel, Vardeny, Fleming, & 
Valkunas, 2008; Ma et al., 2004). 
SWCNT SA can be incorporated in fiber laser in various ways. These techniques are 
spray coating (Set et al., 2004b; Sze Y Set et al., 2003), direct growth (S. Yamashita et al., 
2004), optical deposition (Kashiwagi, Yamashita, & Set, 2009; Nicholson, Windeler, & 
DiGiovanni, 2007), polymer composite (Tawfique Hasan et al., 2009; Rozhin et al., 2006; 
Sakakibara, Rozhin, Kataura, Achiba, & Tokumoto, 2005), polymer fiber (Uchida, Martinez, 
Song, Ishigure, & Yamashita, 2009) and microfiber (Kashiwagi & Yamashita, 2009)
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CHAPTER 3  
Q-SWITCHED AND MODE-LOCKED ERBIUM-
DOPED FIBER LASERS 
3.1 INTRODUCTION 
Fiber lasers are made possible by incorporating trivalent rare-earth ions such as 
neodymium, erbium and thulium into glass hosts. Since 1980’s Erbium-doped fiber lasers 
(EDFLs) have gained widespread interest because the lasing wavelength at 1.55 μm, falls 
within the low-loss window of optical fiber, which is suitable for optical fiber 
communications (H Ahmad, Saat, & Harun, 2005; Tamura, Haus, & Ippen, 1992). They have 
numerous advantages such as simple doping procedures, low loss, compact, high reliability 
and high-output power.  
Q-switched and mode-locked are two types of pulsed laser. Both are usually 
distinguished by the repetition rate, pulse duration and pulse energy.  A Q-switched laser 
usually has much lower repetition rate (~kHz) and longer pulse duration (~ns to ~µs). 
Because of the lower repetition rate, pulse energy of Q-switched laser is larger than mode-
locked laser. Q-switching is a technique of modulating the intracavity losses, also known as 
quality factor, Q. When the gain medium is pumped, it accumulates energy and emits 
photons.  A loss modulator will initially inhibit the laser buildup in the cavity while the gain 
medium is being pump. When photon flux build-up to a level that saturates the saturable 
absorber before the gain medium, suddenly, the intracavity losses reduces and the laser 
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produces a short and intense pulse, known as Q-switch. This technique usually produces 
pulses with pulse duration equal to the duration of a few roundtrips in the cavity. Unlike 
mode-locking, the Q-switching pulse is not short enough to be affected by dispersion 
(Digonnet, 2001; Welford, 2003). Mode-locking is another technique of generating pulsed 
laser. It is usually characterized by a high repetition rate (~MHz to ~GHz) and shorter pulse 
duration (~ps to ~ fs). The term mode-locking describes the fixed phase relationship between 
all the longitudinal modes inside the laser cavity. Because of the fixed relationship between 
all the longitudinal modes inside the laser cavity, the pulse duration is shorter compared to 
Q-switch. 
Both techniques can be realized using active and passive methods. An active method 
involves an external modulator; acousto-optic or electro-optic. These modulators act as a 
switch, which transmits and attenuates light from the laser; thus creating pulses. Passive 
methods also involves modulating the loss inside the cavity, usually using saturable absorber.  
Passive method can generate shorter pulses than active methods because the loss modulation 
is faster. Passive mode-locking (M. E. Fermann, Galvanauskas, & Sucha, 2002; M. E. 
Fermann, Galvanauskas, Sucha, & Harter, 1997; Ippen, 1994; Nelson et al., 1997) has several 
other techniques  namely non-polarization rotation (NPR) (M. Fermann, Andrejco, 
Silberberg, & Stock, 1993; Komarov, Leblond, & Sanchez, 2005; Tamura et al., 1992), 
figure-of-eight (Iii, 1991; Richardson, Laming, Payne, Phillips, & Matsas, 1991; Seong & 
Kim, 2002), and semiconductor saturable absorber mirror (SESAM) (U. Keller, 2003; U. 
Keller et al., 1996; O. Okhotnikov, Grudinin, & Pessa, 2004). 
In this chapter, Q-switched and mode-locked fiber lasers are demonstrated using 
various passive techniques. In the first section, mode-locked EDFLs is demonstrated using a 
highly concentrated Erbium-doped fiber (EDF) as the gain medium in a ring configuration 
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based on nonlinear polarization rotation (NPR) technique. A polarizer and a polarization 
controller (PC) are added into the cavity to act as an artificial saturable absorber (SA). The 
proposed laser generates soliton pulses with a repetition rate of 12 MHz, pulse-width of 1.11 
ps and energy pulse of 0.0863 nJ. Mode-locked EDFL is also demonstrated using a 
semiconductor SA. By incorporating the SA in the ring cavity and substituting the polarized 
output coupler with normal coupler, the Kelly sidebands at the optical output of the laser is 
less prominent due to the high nonlinearity of the SA. With the SA, a cleaner pulse is obtained 
with a repetition rate of 11.3 MHz, pulse-width of 0.58 ps and pulse energy of 0.123 nJ. 
In the second part of this chapter, it is demonstrated that the Q-switched and soliton 
mode-locked fiber lasers are generated using a homemade single-walled carbon nanotube 
saturable absorber (SWCNT SA). The SWCNT is incorporated into a ring cavity by dripping 
the SWCNT sodium dedocyl sulfate (SDS) solution onto the fiber ferrule. The SWCNT SA 
has a linear insertion loss of 3.61 dB. Q-switched fiber laser self-starts with repetition rate 
between 10.25 kHz to 41.87 kHz, depending on pump power. After adding 200 meter single-
mode fiber (SMF), the fiber laser self-starts in soliton mode-lock operation. Resultant 
repetition rate is 907 kHz, pulse duration of 2.52 ps with signal-to-noise ratio (SNR) of 53.42 
dB. 
3.2 MODE-LOCKED EDFL USING NPR AND 
SEMICONDUCTOR SA 
It is observed that there is a growing interest in mode-locked EDFLs in recent years 
due to their many applications in communication systems for time-division multiplexing 
(TDM) (Yamamoto, Yoshida, Tamura, Yonenaga, & Nakazawa, 2000), code-division 
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multiple access (CDMA) (Sardesai, Chang, & Weiner, 1998) and wavelength division-
multiplexing (WDM) (Boivin, Wegmueller, Nuss, & Knox, 1999; De Souza, Nuss, Knox, & 
Miller, 1995). Mode-locked lasers have found their applications in high-resolution 
spectroscopy, THz pulse generation, optical clockworks, absolute distance measurements 
and many others (Diddams, Hollberg, Ma, & Robertsson, 2002; Diddams et al., 2000; Shioda, 
Mori, Sugimoto, Tanaka, & Kurokawa, 2009; Udem, Holzwarth, & Hansch, 2002). 
Recently, a high concentration Erbium-doped fiber (EDF), IsoGainTM has been 
commercially developed by FiberCore Co. Ltd. to provide the ultimate in cost-effectiveness 
for the EDF amplifier (EDFA), with typical C-band gain-lengths of only a few meters (H 
Ahmad et al., 2005). This fiber is actually more suited to reducing the exceptionally long 
doped fiber lengths required for effective L-band amplification. In this section, a mode-
locked EDFL is demonstrated using a simple ring cavity structure with the IsoGainTM EDF 
as the gain medium. The performance of the laser is investigated for two different mode-
locking techniques; nonlinear polarization rotation (NPR) and semiconductor saturable 
absorber (SA). Since the gain medium is only a piece of 2.5 m long EDF, the cavity length 
of the EDFL is considered short and therefore stable clean pulses can be generated with a 
higher repetition frequency.  
3.2.1 EXPERIMENTAL SETUP 
 Fig.  3.1 shows the configuration of the proposed laser, which is an all-fiber setup 
using commercially available components. It consists of a piece of 2.5 m long EDF, 
wavelength division multiplexers (WDMs), a 1550 nm polarization independent isolator, a 
PC, a transmission-type SA and a polarized 3 dB output coupler. The total length of the cavity 
is about 14.5 m, which comprises a 2.5 m long EDF and a 12 m long single mode fiber (SMF) 
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used in the other components. The EDF has an erbium ion concentration of 2000 ppm, a cut-
off wavelength at 910 nm, a pump absorption rate of 24 dB/m at 980 nm and a dispersion 
coefficient of -21.64 ps/nm.km at λ=1550 nm. It is forward pumped using a 1480 nm laser 
diode via the WDM to provide amplification in the C-band region. The other part of the ring 
cavity uses a standard single mode fiber (SMF-28) with a dispersion coefficient of 17 
ps/nm.km at λ=1545 nm. Therefore, the total cavity Group Velocity Dispersion (GVD) is 
0.1499 ps/nm.km. This shows that the mode-lock fiber laser is working in the soliton region. 
A transmission-type semiconductor SA is used for the initiation and stabilization of mode-
locking at around 1550 nm region. The SA is designed for transmission application and has 
a modulation depth, ΔT of 15%, saturation fluence of 300 μJ/cm2, nonsaturable loss of 10% 
and relaxation time constant of 2 ps. An isolator is used to ensure a unidirectional operation 
of the laser. A PC is used to adjust the polarization state and allows continuous adjustment 
of the birefringence within the cavity to balance the gain and loss for laser pulse generation. 
The experiment is also repeated without the semiconductor SA and the normal output coupler 
is substituted with a polarized output coupler wherein the mode-locking mechanism is based 
on NPR technique. 
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Fig.  3.1: Experimental setup consisting 1480 nm Laser Diode (LD); 2.5 meter of Erbium-
Doped Fiber as gain medium; 1480/1550 nm Wavelength Division Multiplexer (WDM) to 
remove excess pump from 1480 nm LD; polarization controller (PC); 3-dB polarized output 
coupler/ 3-dB normal output coupler (OC); a 1550 nm polarization independent isolator and 
transmission-type saturable absorber (SA).  
Fig.  3.2 compares the output spectrum of the mode locked EDFL with SA and NPR 
technique. As shown in the figure, both techniques are operating in the soliton regime. The 
soliton regime is apparent from the presence of Kelly sidebands. Kelly sidebands are less 
prominent in the saturable absorber optical spectrum because the saturable absorber has high 
nonlinearity. Without the SA, the proposed laser generates mode-locked pulses using a NPR 
effect in the cavity. The NPR relies on the Kerr effect in an EDF in conjunction with an 
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optical polarizer to produce artificial saturable absorber action. By setting the initial 
polarization ellipse and phase bias properly, pulse shortening can be attained. The NPR can 
occur in an optical fiber when the initial polarization state is elliptical. This elliptical state 
can be resolved into right- and left-hand circular polarization components of different 
intensities. These two circular components then experience different nonlinear phase shift 
related to the intensity dependence of the refractive index (Nelson et al., 1997; Stolen et al., 
1982).  
In a simple numerical simulation work of NPR, “changing the relative orientations of 
the wave plates is physically equivalent to adding a variable linear cavity phase delay bias to 
the cavity” (D. Y. Tang, Zhao, Zhao, & Liu, 2005).  By properly choosing the linear cavity 
phase delay bias, which corresponds to appropriately selecting the orientations of the 
polarization controllers, soliton operation can be always obtained. With a fixed linear cavity 
phase delay bias but different values of gain, as long as the generated soliton pulse peak 
power is weaker than that of the polarization switching power of the cavity, stable uniform 
soliton pulse train can always is achievable (D. Y. Tang et al., 2005; D. Tang, Zhao, & Lin, 
2005). 
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3.2.2 RESULT 
 
Fig.  3.2: Output spectrum of the proposed EDFL with NPR and SA operations. 
On the other hand, SA introduces high loss at low intensity, but produces low loss at 
high intensity. As the intensity increases, the optical loss decreases. This phenomenon 
produces intensity modulation effect in the laser cavity, which in turn initiates mode-locking 
pulse.  
As observed in Fig.  3.2, output spectrum peaks at 1568.2 nm and 1556.6nm for the 
respective NPR and SA operations. The 3 dB bandwidths of the output spectrum are obtained 
at 13.84 nm and 4.45 nm for NPR- and SA-based operation respectively. With maximum 
pump power of 136 mW, the average maximum output of 1.4 mW was achieved with the SA 
while NPR give an average output power of 1.036 mW. This gives pulse energy for SA and 
NPR of 0.123 nJ and 0.0863 nJ respectively. 
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Fig.  3.3 illustrates the autocorrelation trace of the output pulse of the laser with SA 
and NPR operations. By applying hyperbolic secant function fitting for both output curves, 
the pulse width of the laser is estimated to be 0.58 ps and 1.11 ps for the SA- and NPR-
operation, respectively. The pulse-width of the NPR laser is nearly twice as broad as that of 
the pulse-width of the SA laser. This gives a Time-Bandwidth Product (TBP) of 1.874 and 
0.32 for NPR and SA respectively. The ideal value for TBP is 0.32 for passive mode-lock 
laser. Hence, the NPR pulse is almost six times larger than the ideal value while the pulse 
from SA is exactly ideal. It is also noticed that the pulse from NPR is slightly unstable.  
 
Fig.  3.3: Autocorrelation trace of the output pulse from both mode-locked EDFLs with SA 
and NPR approaches. 
Fig.  3.4 shows the oscilloscope traces for both lasers. The repetition rate for the SA 
operation is determined at 11.3 MHz while the repetition rate for NPR operation is 12 MHz. 
Adding an SA to the fiber ring brings an extra length to the existing experimental setup. As 
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the result, the repetition rate for the SA operation is slightly more than that of NPR operated 
laser. Fig.  3.4 also illustrates that the pulse shape of the laser with SA is cleaner than the one 
generated by the NPR laser. 
 
Fig.  3.4: Repetition rate observed from an oscilloscope for both SA and NPR lasers. 
3.3 Q-SWITCHED AND MODE-LOCKED LASERS 
GENERATION USING A SINGLE-WALLED 
CARBON NANOTUBES SA 
3.3.1 INTRODUCTION 
The discovery of carbon nanotube (CNT) (Iijima, 1991) and graphene (Novoselov et 
al., 2004)  have ignite the interest in passive Q-switched / mode-locked  laser. Graphene and 
carbon nanotube is a one-dimensional (1-D) and two-dimensional (2-D) forms of carbon 
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allotrope. Both have remarkable photonics and optoelectronics properties (P. Avouris, 
Freitag, & Perebeinos, 2008; Bonaccorso et al., 2010; S. Yamashita, 2012). The saturable 
absorption property in both materials is utilized to produce Q-switched and mode-locked 
fiber lasers (H. Ahmad et al., 2012; D. Popa et al., 2011; Z. Sun, Hasan, & Ferrari, 2012). 
Among the advantages of CNT SA are fast recovery time (< 1 ps), compatible to optical 
fiber, polarization independent, tunable operating wavelength and bandwidth via diameter 
control and can work in transmission, reflection and bi-directional setup (S. Yamashita, 
2012). Several methods of incorporating CNT SA into fiber laser have been developed; 
spraying (S.Y. Set, H. Yaguchi, et al., 2003; Set, Yaguchi, Tanaka, & Jablonski, 2004a), 
optical deposition (Kashiwagi et al., 2009; Nicholson et al., 2007), polymer composite (T. 
Hasan et al., 2009; V. Scardaci, Rozhin, Hennrich, Milne, & Ferrari, 2007) and film (Kivistö 
et al., 2009; Travers et al., 2011).  
Dual-regime mode-locked and Q-switched EDFLs have been reported by several 
papers (Hideur et al., 2001; Lee et al., 2012; S. Set et al., 2003). Hideur et al. (2001) reported 
a switchable operating regime between continuous-wave (CW), Q-switched and mode-
locked by controlling pump power and polarization state. Lee et al. (2012) combines passive 
Q-switching and active mode-locking to operate in both regimes while S. Set et al. (2003) 
uses CNT SA to produce passive mode-locking and Q-switching by increasing pump power.  
In this section, a new technique for fabricating single-walled carbon nanotubes 
(SWCNTs) SA is proposed. SA is prepared by simply depositing SWCNTs sodium dedocyl 
sulfate (SDS) solution onto fiber ferrule. By incorporating the SA in the proposed EDFL 
setup, Q-switched and mode-locked EDFLs can be realized by adjusting cavity length. 
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3.3.2 FABRICATION AND CHARACTERIZATION OF THE 
SWCNTS SA 
A homogeneous suspension solution was prepared by mixing 250 mg SWCNTs (99% 
pure, diameter of 1-2 nm and length of 3-30 µm) with 400 ml 1% sodium dedocyl sulfate 
(SDS) solution in deionized water and then ultrasonicating it for 30 minutes at 50 W. The 
solution was centrifuged at 1000 rpm to remove large particles of undispersed CNT to obtain 
dispersed suspension that is stable for weeks. The SWCNT SA was fabricated by dripping a 
SWCNT SDS solution onto a fiber ferrule using a pipette (refer to inset of Fig.  3.5). The 
droplet was left to dry at room temperature for 24 hours, before the fiber ferrule is mated to 
a clean ferrule via a connector.  
Raman spectroscopy measurement was performed on the fiber ferrule which contains 
a droplet of SWCNT SDS solution. The spectroscopy was performed using laser excitation 
at 532 nm with 50x objective lens. The sample was exposed to 5% laser power for 20 seconds. 
Based on the Raman spectroscopy result, a peak at 1592 cm-1 is observed, indicating that the 
CNT is a semiconducting type. A very small peak at 174.7 cm-1 is also present in the 
spectroscopy result which gives information about the Radial Breathing Mode (RBM) of the 
SWCNTs. A 174.7 cm-1 at Raman shift gives an estimate SWCNT diameter to be ~1.4 nm 
(Jorio et al., 2003). The SWCNT SA linear insertion loss is measured to be 3.61 dB. This is 
slightly more than the recommended 3 dB maximum insertion loss by optical deposition 
technique (Martinez et al., 2010; Nicholson et al., 2007).  
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Fig.  3.5: Raman spectroscopy of SWCNT SA and SWCNT SA fabrication (inset). 
3.3.3 Q-SWITCHED EDFL USING THE SWCNTS SA 
Lasers operating in CW or quasi-CW mode have limited optical output power 
depending on the maximum available pump power. By concentrating the available energy in 
a single, short optical pulse, or in a periodic sequence of optical pulses transient laser 
behavior allows for higher peak power. Q-switching is a technique that enables the generation 
of a short optical pulse by sudden switching of the cavity Q-factor or the cavity loss. 
Compared to CW fiber lasers, Q-switched fiber lasers produce higher peak power, which are 
useful in numerous applications, such as industrial processing, remote sensing, range finding 
and medicine. As discussed earlier, active Q-switching is typically achieved by inserting an 
acoustic-optic or an electro-optic modulator into the cavity. On the other hand, passive Q-
switching by means of SAs is a convenient technique to simplify the cavity design and 
eliminate the need for external Q-switching electronics. Semiconductor saturable absorber 
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mirrors (SESAMs) (R. Paschotta et al., 1999) can be used as the SA for the Q-switched fiber 
lasers. However, the fabrication of SESAMs requires very complex and costly processes. In 
this sub-section, a Q-switched EDFL is demonstrated using a comparatively simple and cost 
effective alternative technique based on SWCNTs SA.  
Fig.  3.6 shows the experimental setup for the proposed Q-switched EDFL. It consists 
of a 4 m long EDF, two 1480/1550nm wavelength division multiplexer (WDM), a SWCNTs 
based SA, an optical isolator and a 20 dB output coupler in a ring configuration. The EDF is 
a commercial fiber with Erbium ion concentration of 2000 ppm, cut off wavelength of 920 
nm and numerical aperture of 0.24. It is backward pumped by a 1480 nm laser diode (LD) 
with the maximum output power of 129 mW via the WDM. Another 1480/1550 WDM is 
used after the gain medium to dispose excess power from the LD. An isolator is used to 
ensure unidirectional propagation of light inside the cavity. The homemade SWCNT SA is 
placed between the isolator and the WDM to act as a Q-switcher. The output of the laser is 
tapped out of the cavity through a 1% port of the 20 dB coupler. The optical spectrum 
analyzer (OSA, Ando AQ6317B) is used for the spectral analysis of the Q-switched EDFL 
with a spectral resolution of 0.02 nm whereas the oscilloscope (OSC, Tektronix, TDS 3052C) 
is used to observe the output pulse train of the Q-switched operation via a 6 GHz bandwidth 
photo-detector. Except for the gain medium, the rest of the cavity uses a standard SMF-28 
fiber. Total cavity length is 23 meter. The total cavity length of the ring resonator is measured 
to be around 23 m. All fiber components are spliced between each other. No Polarization 
Controller (PC) is used in the cavity. Furthermore, all optical components are polarization 
independent. 
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 Fig.  3.6: Experimental setup for the proposed SWCNTs based Q-switched EDFL. 
Stable and self-starting Q-switching operation is obtained just by adjusting the 1480 
nm pump power over the threshold pump power of 30 mW. Fig.  3.7 compares the output 
spectra of the EDFL at three different pump powers; 30 mW, 80 mW and 129 mW. As shown 
in the figure, the laser operates at center wavelength of around 1571.6 nm. Spectral 
broadening is observed in the spectrum especially at a pump power of 80 mW, which 
corresponds to the minimum pulse width region. This is attributed to the Self-Phase 
Modulation (SPM) effect in the laser cavity. In the proposed Q-switched laser, the pulse 
width obtained is relatively long (in microsecond region) and thus it is difficult to group 
velocity dispersion (GVD) to have effect. Therefore only SPM-induced spectral broadening 
is obtained (Digonnet, 2001). The maximum Full-Width at Half-Maximum (FWHM) of 0.6 
nm is obtained at 129 mW pump power.  
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 Fig.  3.7: Output spectra of the Q-switched EDFL at three different pump powers: 30 mw, 
80 mW and 129 mW. 
Fig.  3.8 shows the relationship between repetition rates and pulse durations with 
pump power. At the threshold pump power of 30 mW, the repetition rate and pulse duration 
are obtained at 10.25 kHz and 17.6 µs respectively. As pump power increases from 30 mW 
to 129 mW, the repetition rate increases linearly from 10.25 kHz to 41.87 kHz. This indicates 
that the repetition rate in Q-switched laser is a function of pump power. As pump power 
increases, more gain is provided to saturate the SA and thus increases repetition rate of the 
output laser. In contrast, pulse duration decreases from 17.6 µs to 10.92 µs as the pump power 
increases from 30 to 129 mW. However, the lowest pulse duration of 10.42 µs is achieved at 
80 mW pump power. As the pump power increases from 80 mW to 129 mW, the pulse 
durations increase slightly before decreasing back at 129 mW. Hence, the minimum 
attainable pulse duration is 10.24 µs, which is related to modulation depth of the saturable 
absorber (Zayhowski & Dill Iii, 1994; J. J. Zayhowski & P. L. Kelley, 1991). Based on the 
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minimum attainable pulse duration, the modulation depth of the SWCNT SA is calculated to 
be around 3.7%. Fig.  3.9 shows the relationship between pulse energy and pump power in 
the proposed Q-switched EDFL. As the pump power increases, the average output power 
also increases, which give rise to pulse energy.  It is obtained that the pulse energy can be 
increased from 2.23 nJ to 4.94 nJ by tuning the pump power from 30 to 80 mW, and from 
4.94 nJ to 5.19 nJ when the pump power increases from 80 mW to 129 mW . The calculated 
average slope efficiency is 12% when the pump power increases from 30 mW to 80 mW. 
From 80 mW to 129 mW pump power, the calculated average slope efficiency is 16%. The 
pulse energy is saturated as the pump power is further increased above 80 mW. 
 
Fig.  3.8: Repetition rate and pulse duration relationships with pump power. 
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Fig.  3.9: Pulse energy against pump power 
3.3.4 MODE-LOCKED EDFL USING THE SWCNTS SA 
The previous laser setup of Fig.  3.6 is slightly modified to realize mode-locking 
operation. The experimental setup for proposed SWCNTs based mode-locked EDFL is 
shown in Fig.  3.10. Compared to the previous setup, a 200 m long SMF is added in the 
mode-locked setup to reduce the repetition rate of the output pulse and thus increase the pulse 
energy in the cavity. The improved pulse energy is sufficient enough to saturate the SA for 
mode-locking operation. The cavity consists of 4 m long EDF and a ~219 m long SMF-28 
fibers with a dispersion of -21.64 ps nm-1 km-1 and 17 ps nm-1 km-1, respectively at 1550 nm. 
This gives total cavity length of ~223 meter and a total Group Velocity Dispersion (GVD) of 
3.6364 ps nm-1 km-1. Therefore, soliton pulse train can be generated by the cavity. For pulse 
duration measurement, an autocorrelator with 25 fs resolution was used. The SNR is 
measured using Anritsu MS2667C Radio Frequency Spectrum Analyzer (RFSA). 
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 Fig.  3.10: Experimental setup for soliton mode-lock operation. 
Soliton mode-locking operation self-starts at 56.75 mW without Q-switching 
instabilities. It is observed that the pulse state diminishes into continuous-wave (CW) when 
the pump power is below than 30 mW. The resultant repetition rate is 907 kHz, which 
corresponds to ~223 meter of cavity length. Fig.  3.11 shows output spectrum of the proposed 
mode-locked EDFL, which is obtained by incorporating SWCNTs SA in the laser cavity. As 
shown in the figure, the laser operates at a central wavelength, λC, of 1570.5 nm with 3-dB 
bandwidth of 1.080 nm. Compared to the Q-switched laser, the mode-locked laser operates 
at a shorter wavelength due to the incorporation of 200 m long SMF in the cavity, which 
increases the cavity loss. The operating wavelength shifts to shorter wavelength to acquire 
more gain to compensate the loss. 
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Fig.  3.11: Output spectrum of the proposed soliton mode-locked EDFL when the pump 
power is fixed at 129 mW. 
Fig.  3.12 shows the typical pulse train of the mode-locked EDFL at pump power of 
129 mW. As shown in the figure, the cavity round-trip time, TR, is 1.1 µs, which in agreement 
with 907 kHz repetition rate. Fig.  3.13 shows the corresponding autocorrelation trace of the 
mode-locked pulse showing the pulse duration, TFWHM, of 2.52 ps. The RF spectrum of the 
mode-locked laser is also investigated using a RF spectrum analyzer. Fig.  3.14 shows the 
result, which indicates a strong mode-locked pulse at frequency of 907 kHz. As shown in 
Fig.  3.14, SNR is obtained at 53.42 dB, which is limited by the available pump power. The 
average output power of the soliton mode-locked fiber laser is measured to be -6.54 dBm. 
Based on the 3 dB bandwidth of the output spectrum, a Time Bandwidth Product (TBP) of 
laser is calculated to be around 0.331, which shows the soliton pulse is slightly chirped.   
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Compared to sech2 transform limited value of 0.315, this indicates that the pulse is 
very near to the ideal TBP value. When comparing between the leading edge and the trailing 
edge of the pulse from autocorrelation trace, the leading edge shows significant loss from the 
saturable absorber. On the contrary, the pulse trailing edge has negligible loss because the 
saturable absorber is fully saturated. This shows that the SWCNT SA is a slow SA (Paschotta 
& Keller, 2001), conforming to the semiconducting SWCNT obtained by Raman 
spectroscopy (refer to Fig.  3.5). A semiconducting CNT does not have fast recovery time 
(Reich, Thomsen, & Maultzsch, 2008). 
 
Fig.  3.12: OSC trace of mode-locked fiber laser 
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 Fig.  3.13: Autocorrelation trace of mode-locked fiber laser at 129 mW 
 
Fig.  3.14: RFSA trace of soliton mode-locked fiber laser at 129 mW. 
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Referring to Fig.  3.13, the autocorrelation trace does not follow exactly the sech2 
fitting. When mode-locked pulse self-start at 56.75 mW, the pulse shape does follow exactly 
the shape of the sech2 fitting. However, in the RFSA, the SNR value is below the threshold 
value required to be qualified as mode-locked pulse. This is due to the 20 dB output coupler 
used in the experimental setup. Only 1% of the total energy that is circulating inside the 
cavity is extracted for measurement purpose. 
Therefore, the pump power is increased to 129 mW to achieve a satisfactory SNR 
value. However, this, in turn, increase the pulse intensity in the autocorrelator. As a result, 
the pulse shape in the autocorrelator does not follow the sech2 fitting. 
3.4 SUMMARY 
Q-switched and mode-locked fiber lasers have been demonstrated using various 
passive techniques. At first, mode-locked fiber lasers are successfully achieved using a 2 m 
long EDF as a gain medium based on two techniques, namely the NPR and semiconductor 
SA. Compared to NPR technique, it is found that the semiconductor SA is able to produce a 
cleaner pulse shape. Correspondingly, the pulse-width and pulse energy are also improved 
from 1.11 ps to 0.58 ps and 0.0863 nJ to 0.123 nJ, respectively by the use of the 
semiconductor SA. The TBP can also be enhanced from 1.874 to 0.32 with the use of 
semiconductor SA. This shows that the semiconductor SA performs better than NPR in 
generating mode-locked pulse.  
A switchable Q-switched and soliton mode-locked fiber laser are then demonstrated 
using a SWCNT-based SA. The Q-switched EDFL is self-started in a 23 m long laser cavity 
to produce a pulse with repetition rate that can be widely tuned from 10.25 kHz to 41.87 kHz 
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by varying the pump power from 30 mW to 129 mW. It has a pulse width of 10.92 µs and 
pulse energy of 5.2 nJ at the maximum pump power of 129 mW. A 200 m long SMF is 
incorporated in the laser cavity to switch the EDFL into a self-start mode-locked fiber laser. 
The mode-locked EDFL produces a soliton pulse train with a repetition rate of 907 kHz, 
pulse duration of 2.52 ps and signal-to-noise ratio (SNR) of more than 53 dB.
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CHAPTER 4 
GRAPHENE SATURABLE ABSORBER FOR Q-
SWITCHING AND MODE-LOCKING 
APPLICATIONS 
4.1 INTRODUCTION 
 In the previous chapter, various Q-switched and mode-locked fiber lasers have been 
demonstrated using three different passive techniques; nonlinear polarization rotation (NPR), 
semiconductor saturable absorber (SA) and single-walled carbon nanotubes (SWCNTs) SA. 
Among these techniques, it is found that SWCNT is a comparatively simple and cost-
effective technique especially for generating a mode-locking pulse train in an Erbium-doped 
fiber laser (EDFL) cavity. Unfortunately, when operating at a particular wavelength, the 
absorption wavelength of the SWCNTs is related to the diameter of the SWCNT. This, 
somehow, limit the operating wavelength of a SWCNT SA. Recently, graphene has also 
gained a tremendous attention for SA applications. This is due to the gapless linear dispersion 
of Dirac electron in graphene which allows an ultrabroadband operation. The graphene is a 
flat monolayer of carbon atom tightly packed into two dimensional (2-D) honeycomb lattice. 
It can be stacked to form 3D graphite, rolled to form 1D nanotube and wrapped to form 0D 
fullerenes (A. K. Geim, 2009). Nair et al. (2008) has demonstrated that despite being only 
one atom thick, graphene absorb a significant (πα=2.3%) fraction of incident white light due 
to its unique electronic structure.  The optical absorption is also found to be frequency 
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independent and proportional to the number of layers (S. Yamashita, 2012). Qiaoliang Bao 
et al. (2009) have recently reported that graphene can provide outstanding saturable 
absorption, where it has a much lower saturation intensity, larger saturable-absorption 
modulation depth and higher damage threshold compared to the SWCNTs. 
Up to date, many techniques have been developed to integrate graphene into fiber devices to 
construct SAs for passive pulse construction. For instance, mode-locked Erbium-doped fiber laser 
with stable soliton-like pulse output was achieved using a graphene from a CVD process (Bao et al., 
2010) . In this chapter, investigation and demonstration of the generation of various Q-switched and 
mode-locked fiber lasers using various homemade graphene SAs, which were newly developed.  . 
4.2 Q-SWITCHED ERBIUM-DOPED FIBER LASER 
WITH GRAPHENE SATURABLE ABSORBER 
OBTAINED BASED ON OPTICAL DEPOSITION 
Graphene is an atomic-thin nano-scale material, which has unique electrical and optical 
properties that opens a new field of research in solid state physics and material science  (Novoselov 
et al., 2004). It also exhibits linear optical absorption and saturable absorption properties, which are 
useful in generating ultra-short laser pulses (Qiaoliang Bao et al., 2009; Z. Sun et al., 2010). The linear 
dispersion of the Dirac electrons in graphene promises broadband applications while its saturable 
absorption property is the result of Pauli blocking (Kumar et al., 2009). At high intensity, the photo-
generated carriers increase in concentration and cause the states near the edge of the conduction and 
valence bands to fill, thus, blocking further absorption. Band filling occurs because no two electrons 
can fill the same state. Consequently, saturable absorption is reached due to this Pauli blocking 
process.  Moreover, the relaxation of carriers in a single layer graphene is ultrafast (200 fs) (Carbone 
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et al., 2011) . Other papers have included other factors that enable graphene to become an excellent 
saturable absorber (Bao et al., 2010; Bonaccorso et al., 2010). 
The use of graphene SA for producing Q-switched fiber lasers has been demonstrated in 
many literatures (Cao, Wang, Luo, Luo, & Xu, 2012; J. Liu, Xu, & Wang, 2012; Saidin et al., 2013).  
For instance, J. Wang et al. (2012) have recently reported a Q-switched and mode-locked 
Erbium-doped fiber laser (EDFL) using an optical deposition technique. The deposition is 
performed onto a tapered fiber. Cao et al. (2012), deposited graphene which is dispersed in a 
Dimethylformamide (DMF) solution onto a fiber ferrule using optical deposition. In another 
work, D Popa et al. (2010) reported a tunable Q-switched fiber laser using a graphene SA. In 
other paper, Wei, Zhou, Fan, and Liu (2012) reported a new graphene Q-switched EDFL 
with low pump threshold, and wide pulse repetition- rate range. The laser has a low pump 
threshold of 16.9 mW, and a wide range of repetition rate from 31.7 to 236.3 kHz within the 
pump power range of 18.6-192.6 mW. In this section, a simple and compact Q-switched 
EDFL is demonstrated using graphene solution deposited on end surface of fiber ferrule, 
which is then incorporated in a ring laser cavity to act as saturable absorber. Compared to the 
previous works, the proposed EDFL using a Bismuth-based Erbium-doped fiber (EDF) as a 
gain medium, which only requires 49 cm long fiber for operation in C-band region. The Q-
switching performance of the laser is investigated for two different graphene saturable 
absorbers (GSAs).  
4.2.1 EXPERIMENTAL SETUP 
Fig.  4.1 shows an experimental setup for the deposition of graphene onto the end 
surface of the ferrule, whereby the optical deposition method proposed by Kashiwagi et al. 
(2009) and Martinez et al. (2010) was used. In the optical deposition method, injecting 
amplified light to fiber end will create an optical trapping, thermally driven convection flow 
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and thermo-diffusion (Nicholson et al., 2007). The interaction of the laser beam and the 
graphene solution will increase the solution temperature; due to the amplified injected light 
and therefore will induce optical trapping. The difference in temperature between the fiber 
ferule and solution creates temperature gradient. The temperature gradient will direct the 
graphene flakes towards the fiber core.  The effect is called thermophoresis. The graphene 
flakes (in a solution) used in the experiment were supplied by Graphene Research Ltd and 
prior to deposition, the solution is agitated for 30 minutes using an ultrasonic bath. Optical 
radiation from 1550 nm laser source is amplified by an optical amplifier up to 30 dBm and 
then propagated through a fiber pigtail via an optical circulator. The end surface of the pigtail 
is dipped into the graphene aqueous suspension and the whole deposition process of the 
graphene to the fiber ferule core is monitored by optical power meter and recorded using 
GPIB card connected to computer through Labview 7.1 interface. The deposition process is 
halted when there is a sudden change in power and from the experiment, a rapid increment 
of the reflected light power is observed after 10 seconds. The light source is turned off after 
5 seconds from the sudden change of power which indicates that graphene has been deposited 
on the ferrule end surface. The fiber is then removed from the solution. After water 
evaporation, the ferrule is connected to another ferrule to form a fiber compatible graphene 
saturable absorber (GSA).  
Fig.  4.2 shows the experimental setup of the proposed compact Q-switched EDFL 
using the fabricated GSA. A 49 cm long Bismuth-based Erbium-doped fiber (Bi-EDF) with 
Erbium ion concentration of 3250 ppm (parts per million) and cutoff wavelength of 1450 nm 
is used as the gain medium. The Bi-EDF used was obtained from Asahi Glass Co. Ltd, Japan 
and commercially available. It was fabricated using lanthanum/erbium co-doped Bi2O3 – 
based glass, which was prepared by a melting method. The fiber has an erbium ion 
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concentration of 3250 ppm with 83 dB/m peak absorption around 1480 nm, a cut-off 
wavelength of 1450 nm, small mode-field diameter of 6.2 μm at 1550 nm and numerical 
aperture (N.A) of 2.0. The advantages of Bi-EDF are the broad gain profile coverage from 
1530 nm to 1620 nm, high concentration of Erbium ions and fusion-spliceable to silica EDF 
(Sugimoto, 2008). Due to high concentration of Er3+, a very short length (49 cm) of Bi-EDF 
can provide the same gain as 14 m of silica EDF. The fiber also presents balance to the high 
nonlinearity caused by high core refractive index and small mode-field diameter (S.Y. Set, 
M. Jablonski, et al., 2003). Bi-EDF is more suitable compared to the conventional silica EDF 
for short pulse amplification because there is no significant pulse and spectrum broadening 
due to negligible self-phase modulation and dispersion effects on optical pulses because of 
short length (Ohara, Hasegawa, & Sugimoto, 2005). 
In this experiment, the Bi-EDF is forward pumped by a 1480 nm laser diode through 
a 1480 / 1550 nm wavelength division multiplexer (WDM).  Another WDM is placed after 
the Bi-EDF to remove the excess pump power. The laser output is obtained via a 10 dB 
optical coupler located after the GSA, which channels out about 10% of the oscillating light 
from the ring cavity. The output is analyzed by using an optical spectrum analyzer (OSA) of 
0.02 nm resolution and a 500 MHz oscilloscope with 6 GHz bandwidth light wave detector. 
An optical isolator is incorporated after the optical coupler to ensure light propagates in a 
unidirectional manner. The rest of the cavity is made of SMF-28 single-mode fiber. All 
components used in the setup are polarization independent, i.e. they support any light 
polarization. No polarization controller (PC) is included in the laser cavity as it had been 
observed earlier that a PC did not improve the pulse stability. There is no significant pulse 
jitter observed through oscilloscope during the experiment. The experiment is carried out for 
two different GSAs; GSA1 and GSA2. The insertion loss of GSA1 and GSA2 are measured 
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to be around 0.55 dB and 0.9 dB respectively, while the total length of the cavity is measured 
to be about 25 m. For GSA2, graphene is deposited on both end surface faces of the ferrules 
and thus it has a thicker graphene layer compared to that on the GSA1. 
 
Fig.  4.1: Experimental setup for depositing graphene on the fiber end surface by optical 
radiation 
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Fig.  4.2: Experimental setup of the proposed graphene based Q-switched EDFL. 
4.2.2 Q-SWITCHING PERFORMANCE 
The proposed EDFL started to lase with the passive Q-switching mode at the pump 
power of around 50 mW. The pump threshold was relatively low compared to that of SWNT 
or SESAM based Q-switched EDFL, mainly owing to a lower saturation intensity of the 
graphene. Fig.  4.3 compares the oscilloscope traces of the Q-switched pulse trains for two 
different GSA when the pump power is fixed at the maximum value of 120 mW. As shown 
in the figure, the repetition rates of 31.3 kHz and 25 kHz are obtained with GSA1 and GSA2, 
respectively. Since thicker graphene layer means more absorption, it takes longer time for 
the GSA2 to bleach and thus its repetition rate is lower than that of GSA1. Unlike mode-
locked fiber laser, where the repetition rate is dependent on cavity length, the repetition rate 
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in Q-switched fiber laser varies with pump power. Fig.  4.4 shows the repetition rate as a 
function of pump power for both cases. As the pump power increases, more gain is provided 
to saturate the GSA. Since pulse generation relies on saturation, the repetition rate increase 
with the pump power as shown in Fig.  4.4. For instance, with GSA1, the pulse repetition 
rate of the Q-switched EDFL can be widely tuned from 16.7 kHz to 31.6 kHz by varying the 
pump power from 55 mW to 120 mW.  At every specific repetition rate and pump power, the 
Q-switching pulse output was stable and no significant pulse jitter was observed on the 
oscilloscope. Fig.  4.5 shows the output spectrum for the proposed Q-switched EDFL 
configured with GSA1 and GSA2. As shown in the figure, the laser operates at around 1560 
nm with full-width half maximum of around 0.3 nm. 
 
Fig.  4.3: Typical pulse trains for the proposed EDFL configured with GSA1 and GSA2 at a 
pump power of 120 mW. 
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Fig.  4.4: Repetition rate as a function of 1480 nm pump power.  
 
Fig.  4.5: Optical spectrum of the laser at pump power of 120 mW. 
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Fig.  4.6 shows the pulse width and the pulse energy as a function of the pump power. 
As seen in the figure, increasing the pump power makes the pulse width narrower and the 
pulse energy higher for both GSAs. At the pump power of 120 mW, the Q-switched EDFL 
has a pulse width of 7.5 µs and pulse energy of 43.7 nJ with the use of GSA2. A thicker layer 
of graphene (in GSA2) implies that more atoms are stored in the excited state level and 
consequently, more stimulated emission occurs when the GSA bleaches. This in turn, 
generates more output power. This explains why the output energy of GSA2 is significantly 
higher than that of GSA1. The reason is also linked to the observation where using GSA2 
yields lower pulsing threshold. The threshold pump powers for Q-switching operation with 
GSA1 and GSA2 are observed to be 51.3 mW and 47.6 mW, respectively. These results 
indicate that graphene has a larger potential for better Q-switching and saturable absorption 
compared to conventional light absorbing components when carefully employed in an 
appropriate laser system. The proposed EDFL requires only a very short length of gain 
medium and uses a simple technique for GSA fabrication and thus the cost of the laser can 
be significantly reduced. The simple and low cost laser is suitable for applications in 
metrology, environmental sensing and biomedical diagnostics.  
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Fig.  4.6: Pulse width and pulse energy as a function of input pump power. 
4.3 DEVELOPMENT OF SINGLE LAYER 
GRAPHENE SATURABLE ABSORBER USING 
MECHANICAL EXFOLIATION TECHNIQUE  
Graphene was first produced by a mechanical exfoliation method in 2004 (Novoselov et al., 
2004). In this work, a fresh surface of a layered crystal was rubbed against another surface which left 
variety of flakes attached to it. Among the resulting flakes, a single layer flake can be found. Despite 
there are other methods to produce graphene, mechanical exfoliation still gives the best samples in 
terms of purity, defects, electron mobility and optoelectronic properties. A single-layer graphene 
saturable absorber has an ultrafast relaxation time, lower scattering loss and it performs better than 
multilayer graphene saturable absorber in terms of pulse shaping ability, pulse stability and output 
energy (Bao et al., 2010). However, this method has disadvantages in terms of yield and throughput, 
and thus it is impractical for large-scale production. Graphene can be optically distinguished, 
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regardless of being one-atom thick and its transmittance (T) can be expressed in terms of the fine-
structure constant. Due to the some properties of graphene such as linear dispersion of the Dirac 
electrons and Pauli blocking, graphene makes broadband applications and saturable absorption 
possible. Furthermore, by inducing a bandgap through chemical and physical treatment, graphene 
can be made luminescence. These properties lead to interesting and ideal photonic and optoelectronic 
material (Bonaccorso et al., 2010).  
In the previous section, a graphene saturable absorber fabricated using an optical deposition 
technique is used to demonstrate a Q-switched fiber laser. However, a mode-locked operation cannot 
be realized using the SA due to the loss incurred by multilayer graphene. Previously, Martinez et al. 
(2011) and Chang et al. (2010) have successfully  produced few-layers graphene SA using 
mechanical exfoliation technique. In another work, Bao et al. (2010) demonstrated a mode-
locked fiber laser using single-layer graphene SA, but using a more complicated technique, 
where the monolayer graphene is grown on by chemical vapour deposition (CVD) on copper 
(Cu) foil before being etched away using FeCl3 solution. The graphene film then transferred 
to fiber pigtail. 
In this section, the preparation of a single-layer graphene SA (GSA) based on 
mechanical exfoliation technique, also known as the “scotch tape” method is demonstrated. 
The method is simpler compared to Bao et al. (2010) yet yields a high quality graphene SA. 
The position of graphene SA on the fiber core can easily be recognized by using a fiber probe.  
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4.3.1 PREPARATION AND CHARACTERIZATION OF 
THE GSA 
4.3.1.1 RAMAN SPECTRUM 
The originating material is commercially available highly ordered pyrolytic graphite 
(HOPG). The HOPG flakes were inserted on a strip of scotch tape and then were pressed and 
peeled off repeatedly in-order to optimize the graphene thickness. The resultant graphene 
sheets were then pressed against the end facet of an optical fiber ferrule. The scotch tape was 
slowly peeled off and accordingly, a few graphene sheets remained on the end facet of an 
optical fiber ferrule. Graphical presentation of this technique is explained in detail by Chang 
et al. (2010) as in Fig.  4.7. The result is inspected using EXFO’s FIP-400 fiber inspection 
probe to ensure that the graphene sheets lays on top of the fiber core. The microscope image 
of the end surface of the ferrule after coating the graphene is illustrated in Fig.  4.8. 
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Fig.  4.7: Graphene SA preparation on a fiber ferrule (a) Mechanical exfoliation of highly 
ordered pyrolitic graphite (HOPG) using scotch tape (b) Graphene is deposited onto a clean 
fiber ferrule via direct contact (c) Careful separation of the ferrule from the scotch tape 
(Reproduced from Chang et al., 2010)   
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Fig.  4.8: Microscope image of fiber ferrule with graphene. 
Raman spectroscopy was performed on the graphene saturable absorber using laser 
excitation at 532 nm (2.33eV) with 10 s exposure time. The detector is a charge-coupled 
device camera. The result reveals two prominent peaks as clearly shown in Fig.  4.9. One is 
located at approximately 1580 cm-1, generally known as the G peak, and the other one is 
located at approximately at 2700 cm-1, known as the 2-D peak. The width of the 2-D peak 
can be used to determine the number of graphene layers. As the graphene layer increases, the 
width also increases (Ferrari et al., 2006). The Raman spectroscopy reveals a sharp and pointy 
2-D peak. However the 2-D width is broad. The broadening is because the graphene is 
mechanically exfoliated from HOPG  (Graf et al., 2007). Another method of determining the 
graphene layers is by calculating the intensity ratio of G /2-D peak. Single-layer graphene 
has a low intensity ratio, usually lower than 0.5 while multi-layer graphene shows high 
intensity ratio (≥1) (Chen et al., 2010). In this work, a G/2-D peak ratio of 0.48 is obtained, 
which indicates that a single-layer graphene saturable absorber has been successfully 
obtained. 
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Fig.  4.9: Raman Spectrum of the GSA 
4.3.2 DEMONSTRATION OF Q-SWITCHED EDFL USING 
THE GSA 
4.3.2.1 EXPERIMENTAL SETUP  
4.3.2.1 (a) Q-SWITCH 
The setup of the proposed Q-switched EDFL with the newly developed GSA is 
similar to the previous section of Fig.  4.2, except for the SA. It is based on unidirectional 
ring cavity configuration consisting of two wavelength division multiplexer (WDM) coupler, 
49 cm long bismuth-based erbium doped fiber (Bi-EDF) as gain medium, 10 dB output 
coupler and an optical isolator. The WDM is used to launch 1480 nm pump light from a laser 
diode into the Bi-EDF while another WDM is used for removing excess pump. An optical 
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isolator is used to force unidirectional propagation of the oscillating laser.  The total length 
of the cavity is ~20 m while all components are polarization independence and connected by 
fiber pigtails. The laser output is obtained via a 10 dB optical coupler, which channels out 
about 10% of the oscillating light from the ring cavity. The optical spectrum of the output 
pulse is analyzed by using an OSA of 0.02 nm resolution and the resultant pulse train is 
captured by a 500 MHz oscilloscope via 6 GHz bandwidth light wave detector. Since there 
is no polarizer in the laser cavity, the graphene is the sole responsible mechanism for creating 
saturable absorption. 
The newly developed GSA based on mechanical exfoliation is used for generating 
the passive Q-switched operation in the fiber laser. In the experiment, the continuous wave 
(CW) lasing threshold was about 30 mW. When the pump power was increased to about 80 
mW, the Q-switched pulses were observed by introducing physical disturbance to the cavity. 
Then, the pump power is further increased to the maximum pump power of 130 mW and 
observed the Q-switched operation. Fig.  4.10 shows the output spectrum of the Q-switched 
EDFL at 130 mW pump power. It centers at 1559.4 nm with a 3-dB spectral bandwidth of 
about 0.66 nm and peak to noise ratio of ~40 dB. A slight spectral broadening is also observed 
in the optical spectrum which is caused by Self-phase Modulation effect (SPM). In this case, 
the optical Kerr effect induces a phase shift in the oscillating pulse in the cavity that leads to 
change in the frequency spectrum. In the anomalous dispersion regime, the “red” portion of 
the pulse moves backward, while the “blue” portion moves forward. This will create a hole 
in the spectrum. Correspondingly, the typical Q-switched pulse train is presented in   Fig.  
4.11. As shown in the figure, the peak to peak pulse interval is measured to be around 43.3 
s, which can be translated into repetition rate of 26 kHz. The pulse duration, which was 
measured directly from a single envelope of the pulse, is about 5.842 μs, as shown in the Fig.  
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4.12. At 130 mW pump power, the Q-switched laser has an average output power of 0.5656 
mW, which corresponds to pulse energy of 24.399 nJ. 
 
Fig.  4.10: Optical spectrum of the Q-switched laser at pump power of 130 mW. 
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Fig.  4.11: Pulse train of the Q-switched laser at 130 mW pump power 
 
Fig.  4.12: Single-pulse envelope of the Q-switched laser at 130 mW pump power 
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Fig.  4.13 present the pulse repetition rate and the pulse energy of the Q-switched 
fiber laser as a function of the pump power. As shown in the figure, both repetition rate and 
pulse energy increase almost linearly with the pump power, like a typical Q-switched fiber 
laser. The repetition rate can be tuned from 16.7 kHz to 23.1 kHz by increasing the pump 
power from 80 mW to 130 mW. The maximum pulse energy was 24.4 nJ with pump power 
of 130 mW. The attainable energy is lower than the previous Q-switched laser with optical 
deposition technique based GSA. This is attributed to the large modulation depth of the 
single-layer graphene SA. A large modulation depth implies a large change in absorption for 
the incident light. Therefore, a lower repetition rate and pulsewidth are achieved with higher 
modulation depth (Spühler et al., 1999). The pulse width and average output power were also 
measured as functions of pump power, as shown in Fig.  4.14. The pulsewidth decreased with 
increasing pump power. This effect is due to gain compression in the Q-switched ﬁber laser. 
As higher energy being pumped, the time needed to saturate the SA is becoming less and 
less. Therefore, the pulsewidth is smaller with increasing pump power. In the experiment, 
the pulse width variation exhibited an almost linear tendency with the pump power, even 
though it is supposed to decrease nonlinearly with increasing pump power in a Q-switched 
laser. Note that such an almost linear variation of the pulse width with the pump power was 
also reported previously (F. Wang et al., 2012; Zhang, Zhuo, Wang, & Wang, 2012). The 
pulse width can be tuned from 10.14 to 5.84 s by increasing the pump power from 80 mW 
to 130 mW. The measured maximum average output power was -2.49 dBm at a pump power 
of 130 mW. It is believed that a further optimization of the cavity parameters together with 
a higher pump power and higher output coupler ratio could signiﬁcantly enhance the output 
power and pulse energy performances. 
. 
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Fig.  4.13: Repetition rate and pulse energy as a function of pump power 
 
Fig.  4.14: Output power and pulse width as a function of pump power 
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4.3.3 DEMONSTRATION OF MODE-LOCKED EDFL 
USING THE GSA 
During the previous experiment, any mode locking phenomena was not observed. To 
produce stable mode-locked pulses from a saturable absorber–incorporated ﬁber laser cavity, 
a variety of cavity parameters must be controlled in addition to the modulation depth of a 
saturable absorber—for example, cavity dispersion, cavity nonlinearity, saturation gain level, 
and saturation energy level of a saturable absorber. It is well known that at least the following 
condition needs to be satisﬁed to obtain stable continuous-wave mode locking without Q-
switching instabilities (Ursula Keller, 2004). 
 𝐸𝑝
2 > 𝐸𝐿,𝑠𝑎𝑡𝐸𝐴,𝑠𝑎𝑡∆𝑚 (Eq.  4.1) 
   
where Ep is the intracavity pulse energy and ∆m is the modulation depth of the saturable 
absorber. EL,sat and EA,sat represent the effective saturation energy of the gain medium and 
saturable absorber, respectively. Furthermore, in the case of a fiber laser cavity, fiber 
dispersion and Kerr nonlinearity play a key role in mode-locked laser formation.  
In this section, the cavity design of the previous laser is modified to achieve mode-
locking. Fig.  4.15 shows the modified configuration where a longer EDF is used in 
conjunction with an additional 200 m long SMF-28 to reduce the repetition rate and increase 
the pulse energy. The new EDF is 1.6 m long with an Erbium ion concentration of 2000 ppm, 
cut-off wavelength of 970 nm, has a numerical aperture of 0.24 and the absorption at 980 nm 
is 24 dB/m. The gain medium is forward pumped by using 1480/1550 nm WDM. An isolator 
is used to ensure uni-directionality so that the back-scattering can be significantly reduced to 
help in initiating mode-locking (Tamura, Jacobson, Ippen, Haus, & Fujimoto, 1993).  The 
laser output beam is extracted by a 5% output port of a 95:5 fiber coupler. A GSA, which 
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was fabricated by mechanical exfoliation technique, is placed between the SMF’s spool and 
the output coupler to act as a saturable absorber.  
The length of total cavity is about 207 m including 1.6 m EDF, 205.4 m SMF-28 fiber 
from the WDM, isolator, coupler and additional spool of SMF. The group velocity dispersion 
(GVD) of EDF and SMF-28 at 1550 nm are about -21.64 ps/nm/km and 17 ps/nm/km, 
respectively, which are provided by the fiber producer. The small amount of dispersion due 
to the optical isolator can be neglected. Thus, the net GVD in the cavity was calculated to be 
3.457 ps/nm/km, suggesting that the laser was operating at an anomalous dispersion regime. 
This shows that a soliton effect dominates the mode-lock pulse formation and, the resultant 
mode-locked pulse train is termed as soliton mode-locking. For the measurements of the laser 
output, a photodetector with a 800 nm – 1700 nm wavelength range is coupled to a 500 MHz 
digital oscilloscope was used to measure the pulse train and pulse waveforms. The pulse 
duration was measured by a two-photon absorption (TPA) autocorrelator. The spectrum of 
pulse was measure by an OSA with 0.1 nm resolution. The signal-to-noise ratio (SNR) is 
measured using 7 GHz radio frequency spectrum analyzer (RFSA).  
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Fig.  4.15: Configuration of the mode-locked EDFL with GSA. 
The oscillator started to operate at continuous wave (CW) regime after reaching the 
launched pump power of about 30 mW. Operation in this regime occurred with a small pump 
power range. The mode-locking operation is not self-started in proposed setup. Stable mode-
locked pulses were observed as shown in Fig.  4.16 by introducing physical disturbance to 
the SA after increasing the 1480 nm pump power to maximum (130 mW). The mode-locking 
pulse then disappears when pump power falls below 84.5 mW.  As shown in Fig.  4.16, the 
cavity round-trip time is measured to be 1.034 μs, which corresponds to repetition rate of 967 
kHz. The measured repetition rate correspond with the cavity length. Therefore, this value 
suggest that the oscillators operates with a single-pulse per round trip. The average output 
power at was measured to be 2.825 mW and the pulse energy was calculated to be 2.921 nJ 
at the maximum pump power of 130 mW. 
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Fig.  4.16: Typical mode-locking pulse train on oscilloscope. 
Fig.  4.17 shows the measured optical spectrum of the soliton pulses at the launched 
pump power of 130 mW with a resolution of 0.02 nm. The central wavelength and FWHM 
were 1568 nm and 0.912 nm, respectively. The spectral broadening is due to the SPM effect 
in the cavity. Although the resultant pulse fiber laser is a soliton mode-locked fiber laser, 
Kelly sidebands are less prominent due to excessive nonlinearity caused by high pump power 
and cavity length. The sidebands total power is pulse width dependent. In a relatively long 
pulse width cavity, the sidebands can be suppressed. This is due to the sideband fractional 
power, which seems to decrease exponentially with increasing pulse width (Dennis & Duling 
III, 1994).  Fig.  4.18 shows the measured interference autocorrelation trace of the mode-
locked pulses at a scanning range of 40 ps. The shoulder to peak ratio is 1:9 confirming that 
the oscillator operated at typical solitary mode-locking regime as well. As shown in Fig.  
4.18, the pulse was fitted by a sech2 -pulse profile very well, and the pulse duration was 
determined to be 3.41 ps. Consequently, the time-bandwidth time (TBP) was calculated to 
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be 0.38, which is almost 1.2 times larger than the ideal TBP value (0.315). This is most 
probably due to the large GVD in the laser cavity and high pump power.  
 
 Fig.  4.17: OSA trace of the mode-locked EDFL.
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Fig.  4.18: Autocorrelation trace of the mode-locking pulse at launched pump power of 130 
mW. 
Fig.  4.19 shows the RF spectrum of the output at the launched pump power of 130 
mW. The signal noise ratio (SNR) of 62.45 dB indicated that the oscillator operated at stable 
mode-locking regime. The smooth noise floor also indicated that the oscillator operated with 
low amplitude noise. To investigate the long-term stability of the mode-locked laser, the 
soliton mode-locked operation was monitored continuously for 24 hours under laboratory 
condition. It is found that once the mode locking was achieved, the oscillator can keep the 
mode-locking state and it was not sensitive to the environmental fluctuations. Additionally, 
the influence of the passive fiber length on the performance of the oscillator was also 
investigated. If removing the 200 m long SMF, the soliton pulses cannot be achieved due to 
insufficient pulse energy that needed to saturate the GSA. This shows that a single-layer 
graphene has a large modulation depth, as high as 65.9% (Bao et al., 2010).  
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These results indicate that graphene has a larger potential for better Q-switching and 
saturable absorption compared to conventional light absorbing components when carefully 
employed in an appropriate laser system. The proposed EDFL requires only a very short 
length of gain medium and uses a simple technique for GSA fabrication and thus the cost of 
the laser can be significantly reduced. The simple and low cost laser is suitable for 
applications in metrology, environmental sensing and biomedical diagnostics.  
 
Fig.  4.19: RF spectrum of the mode-locked pulse train 
4.3.4 MODE-LOCKED FIBER LASER OPERATING AT 1.9 
µm REGION USING THE GSA 
Most recent works on the mode-locked fiber lasers are focusing on Ytterbium- and Erbium-
doped fiber lasers, which operate at wavelengths around 1 and 1.5 μm, respectively. However, much 
attention has also been focused on Thulium-doped fiber laser in recent years to provide an integrated 
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and robust laser source operating at around 2-μm wavelength for many applications in nonlinear 
optics, medicine, and sensing. To date, few mode-locked oscillators based on Thulium doped fiber 
have been reported. For instance, Nelson, Ippen, and Haus (1995) demonstrated an additive-pulse 
mode-locked thulium fiber laser with 500-fs pulses generation. In another work, Sharp, Spock, Pan, 
and Elliot (1996) used a semiconductor saturable absorber mirror (SESAM) in a Tm fiber laser to 
achieve 190-fs pulses. More recently, Engelbrecht, Haxsen, Ruehl, Wandt, and Kracht (2008) 
reported a laser with grating- based dispersion compensation and double-clad thulium-doped fiber. 
The laser has a pulse energy as high as 4.3 nJ with pulse duration of 1.2 ps pulsewidth at the repetition 
rate of 41.4 MHz.  
As discussed earlier, GSA is an excellent passive mode-locker because of their many 
advantages such as sub-picosecond recovery time, broad operation range, low saturation intensity, 
polarization insensitivity, low cost and easy fabrication (Z. Sun et al., 2010). In this section, a mode-
locked fiber laser operating at 1.9 µm is demonstrated using Thulium Bismuth co-doped fiber (TBF) 
in conjunction with a simple and low cost graphene based saturable absorber. The saturable absorber 
is obtained by implementing mechanical exfoliation technique as described in the previous section. 
The proposed laser uses a 5 m long TBF, which was obtained through a modified chemical vapor 
deposition and solution doping processes as the gain medium to achieve a stable pulse train with 16.7 
MHz repetition rate and 0.37 ps pulse width operating at 1901.6 nm. The proposed laser is simple 
and low-cost but has many potential applications especially in sensing and biomedical diagnostics 
where eye-safe and low-photon-energy light sources are required. 
4.3.4.1 EXPERIMENTAL SETUP AND PROCEDURE 
A schematic of the experimental laser setup is shown in Fig.  4.20. It consists of a 1552 nm 
Erbium/Ytterbium fiber laser as a pump source, a 5 m long TBF as a gain medium, a 1550 nm / 2000 
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nm wavelength division multiplexer (WDM), a polarization insensitive circulator, a fiber Bragg 
grating, a 10 dB coupler, a polarisation controller and a GSA. The TBF is obtained by drawing a 
preform, which was fabricated using a deposition of porous layer by the MCVD process in 
conjunction with solution doping technique. The dopant concentrations (wt%) and compositions 
inside the core are 0.35 Bi2O3, 0.9 Tm2O3, 3.0 Al2O3 and 4.0 GeO2. The fiber has a core and cladding 
diameters of 7.2 and 125 μm, respectively with a NA of 0.23. The WDM is used to inject the 1552 
nm pump into the TBF. The circulator is used to allow the reflected light from the FBG to oscillate 
in the ring cavity as well as to ensure a unidirectional operation of the laser. The FBG used has a 
center wavelength of 1901.6 nm with a 3 dB bandwidth of 1.5 nm and a reflectivity of 99.6%. The 
purpose of the FBG is to stabilize the laser, as the mode competition of the laser would render the 
center wavelength behaves erratically. A polarization controller (PC) is used to adjust the intra-cavity 
polarization of light. The graphene based SA plays the key role of a passive mode-locker. It is 
constructed by depositing a single layer graphene on the end facet of the optical fiber ferrule by 
mechanical exfoliation technique as discussed in the previous section. The dispersion parameter of 
the gain medium is calculated to be 44.4 ps/nm/km at operating wavelength of 1900 nm, the rest of 
the cavity uses an SMF-28 fiber. The estimated dispersion parameter of SMF-28 at 1900 nm is 35 
ps/nm/km (Wang et al., 2013). The total length of the laser cavity is about 12.5 m. All components 
are polarization independent and connected by fiber pigtails. Therefore, graphene based SA is the 
only mechanism responsible for saturable absorption. The laser output is tapped from the 10% port 
of the output coupler, measured by a power meter and monitored by a photodetector, which is 
attached to a 500 MHz oscilloscope. 
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Fig.  4.20: Schematic configuration of the proposed mode-locked TBFL 
The pulses formed by the mode-locking process in the resonator were detected using a 6-
GHz photo-detector and a 500-MHz digital phosphor oscilloscope. It was observed that the mode-
locked laser self-started at 1552 nm pump power of 869 mW without any disturbance to the fiber 
cavity. The optical spectrum of the passively mode-locked laser is shown in Fig.  4.21. It operates at 
the center wavelength of 1901.6 nm, which coincides with the FBG wavelength with a few sidebands. 
The total GVD of the cavity is estimated to be 0.485 ps/nm/km. Hence, the mode-lock fiber laser is 
operating in the anomalous dispersion region.  The presence of Kelly sidebands in the optical 
spectrum (Fig.  4.21) confirm this. The theory of saturable absorption in graphene was thoroughly 
discussed by Winzer et al. (2012a). A spectral broadening is also observed, which is most probably 
due to the soliton effect from the balance between the self-phase modulation (SPM) and group 
velocity dispersion (GVD) in the cavity. This broadening is not observed without the saturable 
absorber. The average output power is measured to be around 1.72 mW at 1552 nm pump power of 
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869 mW. The full width half maximum (FWHM) of the optical spectrum is far below 1 nm due to 
the use of narrow-band FBG in the cavity. 
 
 
Fig.  4.21: The attenuated output spectrum at pump power at 1552 nm pump power of 869 
mW. 
Fig.  4.22 shows a pulse train from the mode-locked thulium bismuth co-doped fiber 
laser (TBFL) recorded by an oscilloscope. As seen, the time interval is measured to be around 
60 ns, which corresponds to a repetition rate of 16.7 MHz. Fig.  4.23 shows a plot of a two-
photon absorption autocorrelation trace measured using an autocorrelator, which is optimized 
for 1550 nm region. The estimated pulse duration at its full-width half maximum (FWHM) 
is about 0.37 ps. The autocorrelation trace reveals that the experimental result does not really 
follow the sech² fitting.  
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Fig.  4.22: Output pulse train from the mode-locked TBFL. 
 
Fig.  4.23: Autocorrelation trace of the mode-locking pulse measured by 1550 nm 
autocorrelator. 
6
0NS 
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According to the output spectrum shown in Fig.  4.21, the 3 dB bandwidth of the output 
pulses is not more than 0.1 nm. Assuming that the output pulses possess a transform-limited, 
secant hyperbolic temporal shape, their temporal width must be ~40 ps at a wavelength of 
1901.6 nm. If the pulses have a frequency chirp, their temporal width must be larger than that 
of the transform limited pulses. There is no theoretical explanation of obtaining 370 fs pulses 
from the laser setup shown in Fig.  4.20. Furthermore, since the laser setup used a fiber Bragg 
grating (FBG) with a 3 dB bandwidth of 1.5 nm, the spectral bandwidth of the output pulses 
cannot exceed the limit. This implies that the output pulse width must be no less than 2.5 ps 
at 1901.6 nm. If the mode-locked pulses with a temporal width of 370 fs were really obtained, 
the measured optical spectrum of the output pulses in Fig.  4.21 should have exhibited a 
spectral 3 dB bandwidth of no less than 10.43 nm. Therefore, it is believed that the 
autocorrelation trace in Fig.  4.23 gives completely incorrect information. The measured 
temporal peak might be a coherent spike of a substantial incoherent background noise of the 
output from the laser. Further investigation cannot be carried out due to unavailability of 2 
micron autocorrelator is the laboratory. 
 Fig.  4.24 shows the radio frequency (RF) spectrum of the mode-locked fiber laser. As seen, 
the signal-to-floor noise ratio is observed to be more than 60 dB, while the signal-to-noise (SNR) 
ratio is 46 dB. This indicates that the mode-locked pulse is stable.  
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Fig.  4.24: RF spectrum of the mode-locking pulse from the TBDFL. 
4.4 SUMMARY 
A simple and compact Q-switched EDFL is demonstrated using a GSA, which is 
obtained by depositing graphene solution on the end surface of fiber ferrule. It is found that 
a thicker layer of graphene produces a Q-switched fiber laser with a lower pump threshold 
and higher energy but smaller repetition rate and pulse width. The EDFL operates at 1560 
nm with a repetition rate that varies with the pump power.  For instance, the repetition rate 
of the EDFL configured with GSA1 can be widely tuned from 16.7 kHz to 31.6 kHz by 
varying the pump power from 55 mW to 120 mW. The EDFL has a pulse width of 7.5 µs 
and pulse energy of 43.7 nJ with GSA2 at 120 mW pump power.  
A single-layer graphene SA presents some advantages as well as disadvantages. A 
single-layer graphene SA suggest a large modulation depth, lower insertion loss, better pulse 
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shaping ability, improved pulse stability and higher output energy. However, a single-layer 
graphene is difficult to produce, and its large modulation depth implies a higher mode-
locking threshold. A higher threshold indicates that the laser cavity requires a large pulse 
energy to bleach the SA, which can be met by adding extra optical fiber or by using a higher 
pump power. In the case of fiber laser, a longer cavity length would add extra dispersion into 
the laser cavity and effects its pulsewidth. In the experiment, the resultant mode-locked fiber 
laser has a repetition rate of 967 kHz, a pulsewidth of 3.41 ps and a TBP of 0.38. Due to the 
large dispersion presence, the TBP is 1.2 times higher than the ideal value. 
A passive and stable mode-locked TBFL operating in 1901.6 nm region using a graphene 
based SA, which was obtained via mechanical exfoliation technique, has successfully been 
demonstrated.  The SA was fabricated by mechanically exfoliating a single layer graphene using a 
scotch tape method and transferred the graphene layer onto the end surface of the fiber pigtail. At 
1552 nm pump power of 869 mW, the TBFL generates a mode locking pulses with a repetition rate 
of 16.7 MHz and pulsewidth of 0.37 ps. The single-layer graphene SA can be used in the 2 μm 
region, owing to its ultra-broadband operating wavelength.  Nevertheless, a high pump power 
is needed to start the mode-locking process. A suitable autocorrelator is also needed to 
characterize the pulse accurately. 
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CHAPTER 5 
SOLITON MODE-LOCKING BY USING 
NON-CONDUCTIVE GRAPHENE OXIDE 
PAPER AS SATURABLE ABSORBER 
5.1 INTRODUCTION 
Since the discovery of graphene by Novoselov et al. (2004), graphene has been touted 
as wonder material. The unique electrical and optical properties of graphene originates from 
its high mobility charged carriers and its hole and electron conical bands that meet at Dirac 
point (A.K. Geim & Novoselov, 2007). Linear optical absorption and saturable absorption 
are among the optical properties of graphene. The linear dispersion of the Dirac electrons 
yield promising broadband applications and saturable absorption property of graphene results 
from Pauli blocking (Bonaccorso et al., 2010). At high intensity, the photon generated 
carriers increase in concentration and cause the states near the edge of the conduction and 
valence bands to fill, thus, blocking further absorption. Band filling occurs because no two 
electrons can fill the same state. Consequently, saturable absorption is reached due to this 
Pauli blocking process (Q. Bao et al., 2009).  Moreover, the relaxation of carriers in a single 
layer graphene is ultrafast (200 fs) (Carbone et al., 2011). Other papers have included other 
factors that enables graphene to be an excellent saturable absorber (Winzer et al., 2012b; 
Xing, Guo, Zhang, Sum, & Huan, 2010) 
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Graphite oxide is a compound that composed of carbon, hydrogen and oxygen in 
variable ratios. The oxygen functional groups of graphite oxide causes the graphite oxide to 
be hydrophilic; i.e. graphite oxide disperses well in water to produce graphene oxide. 
Graphite oxide has attracted much attention recently as a cost-effective and large-scale 
production route (oxidation of graphite followed by reduction of graphene oxide platelets 
obtained by exfoliation) of graphene (Zhu et al., 2010). A graphene paper is prepared by 
mixing graphite oxide in water. The oxygen atoms of graphite oxide repel water molecules, 
thus, undergoing complete exfoliation in water, producing a colloidal suspensions of almost 
entirely individual graphene oxide sheets. After filtering the exfoliated mixture using through 
a membrane, these graphene oxide sheets could be made into paper-like material under a 
directional flow. A free-standing graphene oxide paper is obtained after drying. By changing 
the oxygen amount on the layers, the material can be an electrical insulator, semi-conductor 
or conductor. This material is uniform and dark brown in colour. (Dmitriy A Dikin et al., 
2007). 
In the previous chapters, Q-switched and mode-locked fiber lasers have been 
demonstrated using two types of graphene saturable absorber. Numerous works have also 
been reported on graphene based mode-locked fiber lasers in literatures (Cao et al., 2012; J. 
Liu et al., 2011; D. Popa et al., 2011; Z. Sun et al., 2010; J. Xu et al., 2012; S. Yamashita, 
2012; H Zhang et al., 2010; Han Zhang et al., 2010).  Recently, J. Xu, Liu, Wu, Yang, and 
Wang (2012) has demonstrated a mode-locked femtosecond erbium-doped fiber lasers 
(EDFLs) using graphene oxide as a saturable absorber (SA). The SA was prepared by 
immersing a broadband mirror into a graphene oxide hydrosol. After 48 hour, a thin graphene 
membrane was formed on top of the broadband reflective mirror. In another work, Sobon et 
al. (2012) compares the performances of graphene oxide and reduced graphene oxide as SA. 
153 
 
The saturable absorbers were placed on fused silica substrate and inserted between two 
collimating gradient index (GRIN) lenses to achieve mode-locked fiber lasers.  
In this chapter, a femtosecond mode-locked EDFL using a commercially available 
nonconductive graphene oxide paper as a saturable absorber is successfully demonstrated. 
The paper is sandwich between two fiber ferrules to function as a SA for initiating a mode-
locking. This results in passive mode-locking with 15.62 MHz repetition rate and 680 fs pulse 
width. The fiber laser is observed to have a low pulsing threshold as well as low damage 
threshold. Therefore, pulse energy and peak power are 0.0085 nJ and 11.85 W respectively. 
The easy fabrication of graphene oxide paper will promote its potential in ultrafast photonics 
applications.  
5.2 RAMAN SPECTROSCOPY OF GRAPHENE 
OXIDE PAPER 
Fig.  5.1 below shows the result of Raman spectroscopy on graphene oxide paper. 
The spectroscopy was performed using 532 nm laser with only 10% power. The exposure 
time was set to 20 s. From the result, there are two distinctive peaks that can be observed; at 
1349 cm-1 and 1588 cm-1. These two peak corresponds to D-band and G-band respectively 
(Yang et al., 2009). The peak at D-band is caused by the hybridized vibrational mode related 
to graphene edges and it also reveal that there is disorder to the graphene structure. The G-
band, also known as the graphite or tangential band, is due to the energy in the sp2 bonded 
carbon in planar sheets. The in-plane optical vibration of the bond resulted in Raman 
spectrum at the frequency (Zhu et al., 2010). A small bump at 2700 cm-1, also known as G’ 
or 2D band, is barely observable because the laser power is low. Because the intensity of G’ 
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band is lower than the G band, it also shows that the GO paper has more than one graphene 
layer. 
 
Fig.  5.1: Raman spectroscopy result of graphene oxide paper 
5.3 EXPERIMENTAL SETUP 
The schematic of the proposed mode-locked EDFL is shown in Fig.  5.2. It was 
constructed using a simple ring cavity, in which a 1.6 m long Erbium-doped fiber (EDF) with 
an Erbium ion concentration of 2000 ppm was used for the active medium and the GO paper 
based SA was used as a mode-locker. The EDF used has numerical aperture of 0.24, cut off 
wavelength of 930 nm and 24 dB/m absorption at 980 nm. It was forward pumped by a 1480 
nm laser diode via a 1480/1550 nm wavelength division multiplexer (WDM). The 
polarization independent isolator was used to ensure unidirectional light propagation in the 
cavity and thus facilitate self-starting laser (Tamura et al., 1993). The laser output was 
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obtained via a 95/5 output coupler located between the isolator and SA, which channeled out 
about 5% of the oscillating light from the ring cavity. The output was analyzed by using an 
optical spectrum analyzer (OSA) with a resolution of 0.07 nm and a 350 MHz oscilloscope 
with 6 GHz bandwidth light wave detector. The pulse width of the output laser was measured 
using an autocorrelator. All components used in the experimental setup are polarization 
independent, i.e. they support any light polarization. No polarization controller (PC) was 
included in the laser cavity as a PC neither improve the pulse stability nor promote self-
starting, as observed earlier. There was no significant pulse jitter observed through the 
oscilloscope during the experiment.  The lasing threshold of the laser cavity was 
approximately 8.3 mW. 
 
Fig.  5.2: Experimental setup 
The SA was fabricated by cutting a small piece (2×2 mm2) of a commercially non-
conductive graphene oxide paper ("Graphene Laboratories Inc. ,") and sandwiching it 
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between two FC/PC fiber connectors, after depositing index-matching gel onto the fiber ends. 
According to the specification given by manufacturer, the thickness of the GO paper is 10 
µm while the measured insertion loss of the SA to be 1.0 dB at 1550 nm. The SA was placed 
between the gain medium and output coupler in the ring cavity. The total length of the laser 
cavity was measured to be approximately 12.6 meter, comprising 1.6 m EDF and 11 meter 
SMF-28 fiber. The Group Velocity Dispersion (GVD) for the EDF and SMF-28 were -21.64 
ps/nm/km and 17 ps/nm/km respectively at 1550 nm. Therefore, the resultant total GVD for 
this mode-locked fiber laser was calculated to be 0.1513 ps/nm/km. This indicated that the 
proposed mode-locked fiber laser operated in the anomalous dispersion regime and thus it 
could be classified as a soliton fiber laser. 
5.4 MODE-LOCKING PERFORMANCE OF THE 
LASER 
The mode-locked fiber laser had a low self-starting threshold; approximately at 17.5 
mW. Before all the modes were locked, multiple pulsing could be seen to occur at pump 
power as low as 10 mW. Fig.  5.3  shows the spectral profile where the presence of soliton is 
confirmed. The solitons’ central wavelength, λc, is situated at 1563.56 nm and the 3-dB 
bandwidth (3-dB BW) is approximately 3.77 nm with strong Kelly sidebands at 1554.6 nm 
and 1573 nm. The spectrum is free from continuous wave (CW) parasitic lasing. The 
presence of Kelly sidebands confirms that this mode-lock fiber laser is operating in 
anomalous dispersion regime. Fig.  5.4 shows the pulse train of the passive mode-locked 
fiber laser obtained at pump power of 18 mW. It has a cavity round trip time of 64 ns, 
corresponding to a pulse repetition rate 15.6 MHz and a cavity length of 12.6 m.  
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  Fig.  5.5 shows the autocorrelation trace which uses the Two-Photon Absorption 
(TPA) technique, with the measured pulsewidth of 680 fs at its full-width half maximum 
(FWHM). The sech² fitting which indicates the generation of the soliton pulse is also included 
in the figure. The autocorrelation trace reveals that the experimental result follows the sech² 
fitting closely. A time-bandwidth product (TBP) of 0.315 calculated from the 3-dB 
bandwidth of the optical spectrum and the acquired pulsewidth. This shows that the pulse is 
a transform-limited pulse. Since the pulsing threshold is low, the output power for this fiber 
laser is 0.134 mW. Consequently, the resultant pulse energy and peak power are 0.0085 nJ 
and 11.85 W respectively.  
 
Fig.  5.3: Spectral characteristic of mode-locked fiber laser using GO paper 
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Fig.  5.4: Mode-locked pulse train with cavity round-trip time. 
As the data measurements being performed, it is observed that the pulse increasingly 
expanded and the spectral profile gradually changed from soliton to laser. Therefore, it is 
suspected that the pulse gradually is destroying the SA. Moreover, at approximately 24.4 
mW, the output power was attenuated. Thus, it is concluded that a 1-layer GO paper SA is 
only effective in a short period of time and has low damage threshold. For the same reason, 
a satisfactory signal-to-noise (SNR) data using Radio Frequency Spectrum Analyzer (RFSA) 
is unable to be acquired. Together with low pulsing and damage thresholds, combined with 
the 5% of the intracavity energy taken out for performing measurements, it seems that the 
SNR is unable to extend more than 30 dB. 
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Fig.  5.5: Autocorrelation trace. 
5.5 SUMMARY 
   In summary, the use of nonconductive GO paper as SA for generating transfom 
limited, soliton mode-locked fiber laser has successfully demonstrated. The resultant soliton 
mode-locked pulse has a repetition rate of 15.6 MHz with pulsewidth of 680 fs. The TBP 
value is calculated to be 0.315, which indicates that the mode-locked pulse has the ideal 
shape.  The SA has a relatively low self-starting threshold although susceptible to damage at 
higher pump power. The SA is only able to withstand pulse operation for a short period of 
time. Given by the simplicity of preparing a GO paper, this experiment proves that a non-
conductive GO paper can be an alternative to existing graphene and GO based SA.
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORKS 
6.1 CONCLUSIONS 
Pulsed fiber lasers are simple and compact. These fiber lasers can supply high power, 
small, easy to integrate and operate. With Ytterbium, Erbium and Thulium as gain mediums, 
pulsed fiber laser offers a wide operating wavelength. Q-switched fiber laser have high peak 
power and usually operates in nanosecond pulsewidth. These advantages enables the fiber 
laser to be utilized in various applications such as micromachining, marking and scribing. 
Mode-locking are has lesser peak power compared to Q-switched laser, but shorter 
pulsewidth. The pulse duration of mode-locked fiber laser varies from ~ps to ~fs. Mode-
locked lasers have found its applications in terahertz generation, two-photon microscopy and 
second-harmonic generation, among others. In this thesis, Q-switched and mode-locked fiber 
lasers are demonstrated using various techniques, most notably, using carbon-based saturable 
absorbers. We have also shown how we developed passive Q-switched and soliton mode-
locked fiber lasers from these saturable absorbers. 
In the first sub-chapter of chapter 3, Q-switched and soliton mode-locked fiber lasers 
are demonstrated using nonlinear polarization rotation (NPR), semiconductor saturable 
absorber (SA) and single-walled carbon nanotubes (SWCNT). NPR is a Kerr-effect based 
technique that changes the polarization states of the propagating light while SA is made of a 
combination of semiconductor materials with bandgap that corresponds to the laser’s 
operating wavelength. The resultant pulsewidth for NPR and semiconductor SA are 1.11 ps 
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and 0.58 ps respectively. While both techniques show soliton spectra, the optical spectrum 
of NPR reveals prominent Kelly sidebands whereas the optical spectrum of a semiconductor 
SA optical does not feature noticeable Kelly sidebands. This indicates that, although the use 
of SA in the laser cavity greatly assist the pulse formation and produces shorter pulse, it also 
alters the nonlinearity of the resultant soliton mode-locked fiber laser.  On the other hand, 
because NPR relies on Kerr effect to generate mode-locked pulse, the technique depends on 
pump power and fiber length in-order to be effective. Due to this reason, the ensuing 
pulsewidth is broader because of higher pump power and the need for longer fiber laser cavity 
entail an increase in dispersion. Ultimately, the time-bandwidth product (TBP) of the soliton 
mode-locked fiber laser by NPR technique is larger than the one generated using 
semiconductor SA.   
In the second sub-chapter of chapter 3, a simple method of fabricating single-walled 
carbon nanotubes (SWCNT) SA is demonstrated. A Q-switched and soliton mode-locked 
fiber lasers are successfully demonstrated by using the same SWCNT SA. The novelty of 
this method is that the same SA not only can generate a Q-switched fiber laser, but it can also 
be used to generate a soliton mode-locked fiber laser. Beforehand, the prevalent methods of 
fabricating SWCNT SA for generating a mode-locked fiber laser are by creating SWCNT 
film, optical deposition, and spraying. These methods usually comprise of multiple 
processes. The proposed method in chapter 3 creates the SWCNT SA only by dripping the 
SWCNT-SDS solution onto the fiber ferrule. The SWCNT is then allowed to dry overnight 
in room temperature. The resultant SWCNT SA has an insertion loss of 3.61 dB, which is 
more than the recommended maximum 3 dB insertion loss. As a result, instead of a mode-
locked fiber laser, we obtained a Q-switched fiber laser. However, the generation of mode-
locked fiber laser does not depend entirely on the insertion loss of the SA. This is a factor 
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that is often overlooked by most researchers. The design of the fiber laser cavity can also 
determine the success of creating a mode-locked fiber laser. By increasing the fiber length, 
and in turn increasing the pulse energy, the SA can be saturated faster. Hence, a mode-locked 
fiber laser can be created. Therefore, even with the SA’s high insertion loss, as long as the 
high pulse energy is able to saturate the SA, a soliton mode-locked fiber laser can be 
generated. Hence, in chapter 3, it is proven that the insertion loss can be compensated by 
changing the design of the fiber laser.   
In chapter 4, Q-switched and soliton mode-locked Erbium-doped fiber lasers (EDFL) 
and Thulium-Bismuth doped fiber (TBFL) lasers are successfully demonstrated by using 
graphene as SA. In the first sub-chapter, a simple and compact Q-switched fiber laser is 
successfully demonstrated. The experiment compares the Q-switched performances of two 
different graphene SA (GSA). The GSAs are created using optical deposition method. From 
the experiments, it is concluded that a thicker layer of GSA produces a Q-switched fiber laser 
with lower Q-switched threshold with higher energy but smaller repetition rate and 
pulsewidth. 
The novelty of the experiment in the second sub-chapter of chapter 4 is that a single-
layer graphene is successfully isolated using the mechanical exfoliation technique. The 
single-layer graphene is originated from a highly ordered pyrolitic graphite (HOPG). 
Theoretically, a single-layer graphene implies a large modulation depth, lower insertion loss 
and better pulse shaping ability. A multilayer graphene presents lower modulation depth due 
to the losses by scattering and non-saturable absorption. A multilayer graphene also has 
higher insertion loss. Initially, the single-layer graphene SA generates a Q-switched fiber 
laser. The large modulation depth suggest that a high pulse energy is required to saturate the 
single-layer graphene SA. Even after changing the gain medium from the Bismuth based 
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Erbium-doped fiber (Bi-EDF) to the normal Erbium-doped fiber (EDF), a soliton mode-
locked fiber laser is still out of reach. Only after adding an extra 200 meter of single mode 
fiber (SMF), the pulse energy becomes high enough to saturate the SA. Therefore, it can be 
concluded that a single-layer graphene has a very large modulation depth. Due to the lack 
equipment, the modulation depth of a single-layer graphene is unable to be determined. 
However, in another scientific publication, the modulation depth of a single-layer graphene 
is reported to be ~66%. Apart from the very large modulation depth, the resultant mode-
locked fiber laser also does not self-start. Taking advantage from the ultra-broadband 
operating wavelength of graphene SA, a soliton mode-locked Thulium-Bismuth doped fiber 
laser (TBFL) is also demonstrated. The fiber laser operates at 1901.6 nm region. Suffering 
from the very large modulation depth of single-layer graphene SA, the solition mode-locked 
fiber laser self-starts at 869 mW pump power. However, a suitable autocorrelator is needed 
in order to accurately measure the pulsewidth.  
Chapter 5 demonstrates the usability of nonconductive graphene oxide (GO) paper as 
SA. To the best to our knowledge, this is the first introduction of GO paper as SA. Previous 
experiments uses GO film as SA. The nonconductive GO paper SA has an advantage of 
requiring a small pump power to self-start the mode-locking process. The pump power is 
only slightly higher than the lasing threshold. The experiment also yield a soliton mode-
locked pulse with TBP value of 0.315, an ideal TBP value. In spite of this, the disadvantage 
is that the pulse does not endure for an extended duration because the mode-locked pulse 
slowly destroys the SA.  
To summarize, a variety of techniques to generate mode-locked and Q-switched fiber 
lasers have successfully been demonstrated. New technique and material as SA have also 
been introduced. Although there are numerous techniques of generating mode-locked pulse, 
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each technique has their own advantages and disadvantages. NPR works for all wavelength, 
however, NPR is not reliable. NPR does not guarantee self-starting, and since the technique 
depends on Kerr effect, the length and pump power needed to generate enough Kerr effect 
have effects on pulsewidth. Furthermore, the modulation depth of an NPR technique is 
difficult to measure. 
Semiconductor-based SA has many attractive properties. It self-starts and has 
appropriate modulation depth. Nevertheless, since the operating wavelength depends on the 
materials, it only works for a narrow band of wavelength. It is expensive, difficult to fabricate 
and prone to damage if subject to Q-switch pulse. Careful operating is required when using 
semiconductor based SA.  
The resonant wavelength of SWCNT varies depending on the tube’s diameter. 
Therefore, the modulation depth also varies according to wavelength. The popular technique 
of incorporating SWCNT SA into fiber laser is by fabricating it into a film. Fabricating a 
SWCNT film is easy, however, this technique does not produce consistent properties between 
one film and another. A film fabricated by one person is different from another film 
fabricated by another person. Different SWCNT concentration, thickness and other factors 
that involved when fabricating the film leads different modulation depth, non-saturable losses 
and mode-lock threshold. 
Graphene SA film suffers the same drawbacks as SWCNT SA film. The properties 
varies between films. The advantage of graphene SA is that it works on an ultra-broadband. 
The best graphene SA is a single-layer graphene, however, it is notoriously difficult to 
produce and the modulation depth is very large. To saturate a single-layer graphene SA, a 
high pulse energy is needed; requiring high pump power and/or long fiber length. These will 
ultimatley affect the achievable pulse duration and repetition rate. Without the high pulse 
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energy to saturate the graphene SA, the resultant pulse is a Q-switched; instead of mode-
locked. 
There are many ways of creating a mode-locked fiber laser. The flaw in the SA can 
be compensated through changing the cavity design. Although the cavity design is not critical 
in soliton mode-locked laser, to achieve an ultrashort mode-locked pulse, we have to consider 
numerous factors. Factors such as modulation depth, dispersion, pump power, self-starting 
ability and overall cavity design need to be taken into account. These factors influence each 
other and to some extent, they may cancel each other. A large modulation depth may imply 
better pulse shaping ability, but it also imply a larger pulse energy needed to saturate the SA. 
A large pulse energy can be met by adding extra length to the fiber laser cavity, but it also 
means that the dispersion is now increased. An increase in dispersion can lead to broader 
pulsewidth. In short, there are trade-offs when trying to achieve narrower pulse. Trying to 
create an ultrashort mode-locked pulse is akin to balancing all these factors. As a result, the 
ability to produce an ultrashort mode-locked pulse is often very limited. 
In Q-switched fiber laser, the number of layers of the graphene SA has influence on 
the performances of the fiber laser. A thicker layer lead to higher insertion loss but produced 
a fiber laser with lower starting threshold, repetition rate and pulsewidth. As a result, a Q-
switched fiber laser with higher pulse energy is generated. 
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6.2 FUTURE WORKS 
If we observe the published journal papers regarding mode-locked fiber laser, we 
would have noticed that the majority of these papers do not have mathematical explanations. 
Generally, the nonlinear Schrӧdinger equation is used to describe the mode-locking 
phenomena.  Most of these journal papers are concentrating on shorter pulse width, higher 
repetition rate, new operating wavelength and new SA materials. While these are nonetheless 
an important progress in the field of pulse laser, the lack of mathematical explanations 
indicate that the phenomena is not fully understood. This signals an opportunity for 
improvement. A detailed and accurate explanations on the factors that influence pulse 
formation and pulse shaping can make the phenomena more predictable. Furthermore, the 
existing mathematical equations are derived from experiments using solid-state laser. For 
fiber laser, the interplay between pump power, dispersion, modulation depth and other factors 
are yet to be discovered. Additionally, the nonlinear effects are more dominant in fiber laser 
compared to solid-state laser. It would be interesting to explore the theoretical, mathematical 
and modelling aspects of mode-locked fiber laser.  
The inventions of quantum dots, nanoparticles and metamaterial fibers have the 
potential to bring mode-locked fiber laser into new directions. These inventions have 
potential to become new SA and effect other properties of mode-locked pulse; such as 
repetition rate and pulsewidth. With suitable equipment, we can study the effects of these 
inventions and find new ways of incorporating them into fiber laser. By utilizing them, we 
hope to enhance the performance of mode-locked fiber laser.
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Soliton Mode-Locked Erbium-Doped Fiber Laser Using
Non-Conductive Graphene Oxide Paper
Mohd Afiq Ismail, Harith Ahmad, and Sulaiman Wadi Harun
Abstract— A femtosecond mode-locked soliton erbium-doped fiber
laser (EDFL) is demonstrated using a commercially available noncon-
ductive graphene oxide paper as a saturable absorber. The paper that is
sandwiched between two fiber ferrules acts as a mode-locker. The EDFL
generates a soliton mode-locked pulse train with a repetition rate of
15.62 MHz and pulsewidth of 680 fs. It is observed that the fiber laser
has a low pulsing threshold as well as low damage threshold. The pulse
energy and peak power are 0.0085 nJ and 11.85 W, respectively. The
easy fabrication of graphene oxide paper should promote its potential
application in ultrafast photonics.
Index Terms— Fiber lasers, laser mode locking, nanophotonics, optical
pulses, optical solitions, ring lasers, ultrafast optics.
I. INTRODUCTION
GRAPHENE is an atomic-thin nano-scale material, which hasunique electrical and optical properties that opens a new
field of research in solid state physics and material science [1].
It also exhibits linear optical absorption and saturable absorption
properties, which are useful in generating ultra-short laser pulses [2].
The linear dispersion of the Dirac electrons in graphene promises
broadband applications while its saturable absorption property is the
result of Pauli blocking [3]. At high intensity, the photo-generated
carriers increase in concentration and cause the states near the
edge of the conduction and valence bands to fill, thus, blocking
further absorption. Band filling occurs because no two electrons can
fill the same state. Consequently, saturable absorption is reached
due to this Pauli blocking process [4]. Moreover, the relaxation
of carriers in a single layer graphene is ultrafast (200 fs) [5].
Other papers have included other factors that enable graphene to
become an excellent saturable absorber [6], [7].
Graphite oxide is a compound that is composed of carbon,
hydrogen and oxygen in variable ratios. It has attracted much
attention recently as a cost-effective and large-scale production
route (oxidation of graphite followed by reduction of graphene
oxide platelets obtained by exfoliation) of graphene [8]. A graphene
paper is prepared by mixing graphite oxide in water. The oxygen
atoms of graphite oxide repel water molecules, thus, undergoing
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Fig. 1. Experimental setup of the proposed soliton EDFL based on GO
paper SA.
complete exfoliation in water, producing colloidal suspensions of
almost entirely individual graphene oxide sheets. After filtering the
exfoliated mixture using a membrane, these graphene oxide sheets
could be fashioned into paper-like material under a directional flow.
A free-standing graphene oxide paper is obtained after drying. By
changing the oxygen amount in the layers, the material can be an
electrical insulator, semi-conductor or conductor. This material is
uniform and dark brown in colour. [9].
Using graphene saturable absorber for producing Q-switched and
mode-locked fiber lasers has been demonstrated in many literatures
[10]–[17]. For instance, in 2012, Xu et al. [18] demonstrated a
mode-locked femtosecond erbium-doped fiber lasers (EDFLs) using
graphene oxide as saturable absorber. A broadband mirror was
immersed into a graphene oxide hydrosol. After 48 hour, a thin
graphene membrane was formed on top of the broadband reflective
mirror. Sobon et al. [19] compared the performances of graphene
oxide and reduced graphene oxide as saturable absorber. The sat-
urable absorbers were placed on fused silica substrate and inserted
between two collimating gradient index (GRIN) lenses. In this
letter, a soliton mode-locked Erbium-doped fiber laser (EDFL) is
demonstrated using a commercially available graphene oxide (GO)
paper as a saturable absorber (SA) for the first time. The SA is
constructed by sandwiching the graphene oxide paper between two
fiber connectors.
II. EXPERIMENT
The schematic of the proposed mode-locked EDFL is shown in
Fig. 1. It was constructed using a simple ring cavity, in which a 1.6 m
long Erbium-doped fiber (EDF) with an Erbium ion concentration
of 2000 ppm was used for the active medium and the GO paper
based SA was used as a mode-locker. The EDF used has numerical
aperture of 0.24, cut off wavelength of 930 nm and 24 dB/m
absorption at 980 nm. It was forward pumped by a 1480 nm
laser diode via a 1480/1550 nm wavelength division multiplexer
(WDM). The polarization independent isolator was used to ensure
unidirectional light propagation in the cavity and thus facilitate self-
starting laser [20]. The laser output was obtained via a 95/5 output
coupler located between the isolator and SA, which channeled out
about 5% of the oscillating light from the ring cavity. The output
0018-9197 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. Raman spectrum of the GO paper.
was analyzed by using an optical spectrum analyzer (OSA) with
a resolution of 0.07 nm and a 350 MHz oscilloscope with 6 GHz
bandwidth light wave detector. The pulse width of the output laser
was measured using an auto-correlator. All components used in
our setup were polarization independent, i.e. they support any light
polarization. No polarization controller (PC) was included in the laser
cavity as we had observed earlier that a PC did not improve our
pulse stability. There was no significant pulse jitter observed through
the oscilloscope during the experiment. The lasing threshold was
approximately 8.3 mW.
The SA was fabricated by cutting a small piece (2 × 2 mm2)
of a commercially non-conductive graphene oxide paper [21] and
sandwiching it between two FC/PC fiber connectors, after depositing
index-matching gel onto the fiber ends. The thickness of the GO
paper was measured to be around 10 μm while the insertion loss of
the SA was 1.0 dB at 1550 nm. The SA was placed between the gain
medium and output coupler in the ring cavity. The total length of the
laser cavity was measured to be approximately 12.6 meter, comprising
1.6 m EDF and 11 meter SMF-28 fiber. The Group Velocity Disper-
sion (GVD) for the EDF and SMF-28 were –21.64 ps/nm/km and
17 ps/nm/km respectively at 1550 nm. Therefore, the resultant
total GVD for this mode-locked fiber laser was estimated to be
0.1513 ps/nm/km. This indicated that the proposed mode-locked fiber
laser operated in the anomalous dispersion regime and thus it could
be classified as a soliton fiber laser.
Raman spectroscopy was performed to confirm the presence of
graphene layer in the GO paper using laser excitation at 532 nm
(2.33eV) with an exposure time of 10 s. The detector was a charge-
coupled device (CCD) camera. Fig. 2 shows the two prominent
peaks in the Raman spectrum, which are located at approximately
1378 cm−1 and 1594 cm−1, generally known as the D and G band,
respectively. G band contributes to an E2g mode of graphite and is
related to the in-plane vibration of sp2-bonded carbon atoms, while
D band is associated with the vibrations of carbon atoms with sp3
electronic configuration of disordered graphite. The relatively weak
D band indicates a low density of defects and high crystallinity of
the graphene.
III. RESULTS AND DISCUSSION
The mode-locked fiber laser had a low self-starting threshold;
approximately at 17.5 mW. Before all the modes were locked,
multiple pulsing could be seen to occur at pump power as low as
10 mW. Fig. 3 shows the spectral profile where the presence of
soliton is confirmed. The solitons’ central wavelength, λc, is situated
Fig. 3. Spectral characteristic of mode-locked fiber laser using GO paper.
Fig. 4. Mode-locked pulse train with cavity round-trip time of 64 ns,
corresponding to a pulse repetition rate 15.6 MHz.
Fig. 5. Autocorrelation traces of the experimental data (solid curves) and
sech2–shaped fit (dashed curves).
at 1563.56 nm and the 3 dB bandwidth is approximately 3.77 nm with
strong Kelly sidebands at 1554.6 nm and 1573 nm. The spectrum is
free from continuous wave (CW) parasitic lasing. The presence of
Kelly sidebands confirms that this mode-lock fiber laser is operating
in anomalous dispersion regime. Fig. 4 shows the pulse train of the
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passive mode-locked fiber laser obtained at pump power of 18 mW.
It has a cavity round trip time of 64 ns, corresponding to a pulse
repetition rate 15.6 MHz and a cavity length of 12.6 m.
Fig. 5 shows the second harmonic generation (SHG) autocor-
relation trace, with the estimated pulse duration of 680 fs at its
full-width half maximum (FWHM). The sech2 fitting which indicates
the generation of the soliton pulse is also included in the figure.
The autocorrelation trace reveals that the experimental result follows
the sech2 fitting closely. A time-bandwidth product (TBP) calculated
from the 3 dB bandwidth of the optical spectrum and the FWHM
of the pulse is around 0.315, which indicates that we obtained the
bandwidth limited pulse. Since the pulsing threshold is low, the output
power for this fiber laser is 0.134 mW. Consequently, the resultant
pulse energy and peak power are 0.0085 nJ and 11.85 W respectively.
We believe that the pulsewidth can be further reduced by shortening
the cavity length. It is also expected that the output power can be
improved by optimizing the output coupler.
We also observed that as we were performing data measurements,
the pulse increasingly expanded and the spectral profile gradually
changed from soliton to laser. Therefore, we suspect that the pulse
is destroying the SA. Moreover, at approximately 24.4 mW, the
output power was attenuated. Thus, we conclude that a 1-layer GO
paper SA is only effective in a short period of time and has low
damage threshold. For the same reason, we were unable to acquire
a satisfactory data via Radio Frequency Spectrum Analyzer (RFSA).
Together with low pulsing and damage thresholds, combined with the
5% of the intracavity energy taken out for performing measurements,
it seems that the SNR is unable to extend more than 30 dB.
IV. CONCLUSION
In conclusion, we have successfully demonstrated the use of non-
conductive GO paper as SA for generating soliton mode-locked fiber
laser. The SA has a relatively low self-starting threshold although
susceptible to damage at higher pump power. The SA is only able
to withstand pulse operation for a short period of time. Given by the
simplicity of preparing a GO paper, this experiment proves that a
nonconductive GO paper can be an alternative to existing graphene
and GO based SA.
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Abstract ─This paper presents Q-switched and soliton mode-
locked fiber lasers using a single-walled carbon nanotubes 
(SWCNT) based saturable absorber (SA). The SA is fabricated 
by dripping the SWCNT sodium dedocyl sulfate (SDS) solution 
onto the fiber ferrule, which is then mated to another clean 
ferrule before it is incorporated into a ring Erbium-doped fiber 
laser (EDFL) cavity. The laser Q-switched and mode-locked 
pulses as the cavity length is fixed at 23 m and 223 m, 
respectively. The Q-switched laser is self-started to produce a 
pulse with repetition rate that can be widely tuned from 10.25 
kHz to 41.87 kHz by varying the pump power from 30 mW to 
129 mW. At the pump power of 129 mW, the Q-switched 
EDFL has a pulse width of 10.92 µs and pulse energy of 5.2 nJ. 
The mode-locked EDFL produces a self-started soliton pulses 
with a repetition rate of 907 kHz, pulse duration of 2.52 ps and 
signal-to-noise ratio (SNR) of more than 53 dB.  
Keywords ─ Single-walled carbon nanotubes, passive saturable 
absorber, Q-switching, mode-locking    . 
I. INTRODUCTION 
Passively Q-switched and mode-locked erbium-doped 
fiber lasers (EDFLs) have been applied in many areas 
ranging from basic research to telecommunications, 
medicine, and material processing because of their simple 
and compact design and high quality pulse generation [1-2]. 
The Q-switched fiber lasers are generally used for 
generating high-energy pulses at relatively low repetition 
rates while the mode-locked fiber lasers usually have high 
repetition rate (~MHz to ~GHz) and shorter pulse duration 
(~ps to ~fs). Both pulsed lasers are normally realized using 
passive method based on nonlinear characteristic of the 
material [3] or saturable absorber [4]. Both techniques can 
generates shorter pulses compared to that of the active 
method since the loss modulation is faster. 
Recently, a simple and cost-effective alternative using 
single walled carbon nanotubes (CNT) has gained 
recognition owing to its advantages, such as ultrafast 
recovery time, large saturable absorption, ease of 
fabrication, and low cost. Several methods of incorporating 
CNT based SA into fiber laser have also  
 
 
been developed such as spraying [5], optical deposition [6], 
polymer composite [7] and film [8]. Many research works 
have been focused on demonstrating a dual-regime fiber 
lasers that can operates in both mode-locking and Q-
switching regimes [9]. In this paper, a switchable Q-
switched and soliton mode-locked fiber laser is 
demonstrated using a CNT-based SA. The SA is fabricated 
by simply depositing single-walled CNT sodium dedocyl 
sulfate (SDS) solution onto fiber ferrule. The ferrule is then 
mated to another clean ferrule so that it can be incorporated 
in the laser cavity for generating the switchable fiber laser 
by means of cavity tuning.   
II. EXPERIMENTAL SETUP 
The SA is fabricated using single-walled CNT SDS 
solution, which was prepared in our laboratory. Firstly, a 
homogeneous suspension solution was prepared by mixing 
250 mg single-walled CNTs (99% pure, diameter of 1-2 nm 
and length of 3-30 µm) with 400 ml 1% SDS solution in 
deionized water and then ultrasonicating it for 30 minutes at 
50 W.  The solution was centrifuged at 1000 rpm to remove 
large particles of undispersed CNT to obtain dispersed 
suspension that is stable for months. The CNT SA was 
fabricated by dripping a CNT-SDS solution onto a fiber 
ferrule using a pipette, which was then allowed to dry 
overnight at room temperature. The SA is constructed by 
mating the ferrule to another clean ferrule connector so that 
it could be easily spliced in the cavity of the fiber laser. The 
insertion loss of the SA is measured to be approximately 
3.61 dB. 
 
Fig. 2 shows the experimental setup of the proposed all 
fiber Q-switched EDFL using the fabricated CNT-based SA 
as a mode-locker. As shown in Fig. 2, a 4 m long Erbium-
doped fiber (EDF) with an Erbium concentration of 2000 
ppm acts as the gain medium. It was pumped by a 1480 nm 
laser diode via a 1480/1550nm wavelength division 
multiplexer (WDM). Another WDM is used after the gain 
medium to dispose excess power from the laser diode. An 
isolator is placed at the end of the EDF to maintain 
unidirectional laser operation. The laser output is obtained 
via a 20 dB optical coupler located after the isolator, which 
channels out about 1% of the oscillating light from the ring 
cavity. The output is analyzed by using an optical spectrum 
978-1-4673-6195-8/13/$31.00 ©2013 IEEE 
analyzer (OSA) with a resolution of 0.02 nm and a 500 
MHz oscilloscope with 6 GHz bandwidth light wave 
detector. All components used in our setup are polarization 
independent, i.e. they support any light polarization. No 
polarization controller (PC) is included in the laser cavity as 
we had observed earlier that a PC did not improve our pulse 
stability. There was no significant pulse jitter observed 
through the oscilloscope during the experiment.  The total 
length of the laser cavity is estimated to be around 23m. 
Except for the EDF, all other fiber used in the cavity is a 
standard single mode fiber (Corning SMF-28). 
 
 
 
Fig. 2: Configuration of the proposed Q-switched EDFL. The operating 
mode of the laser is converted from Q-switching to mode-locking by 
adding an additional 200 m long SMF in the cavity. 
 
The Q-switched EDFL is converted into mode-locked 
laser by incorporating an additional 200 m long SMF in the 
setup. The total dispersion of the EDF and SMF are -21.64 
ps/nm.km and 17 ps/nm.km, respectively at 1550 nm.  The 
total cavity length for the mode-locked EDFL is around 223 
meter with a total Group Velocity Dispersion (GVD) of 
3.6364 ps nm-1 km-1. Therefore, the proposed mode-locked 
fiber laser is predicted to produce a soliton pulse output. For 
pulse duration measurement, an autocorrelator with 25 fs 
resolution was used. The signal to noise ratio (SNR) is 
measured using Anritsu MS2667C Radio Frequency 
Spectrum Analyzer (RFSA). 
  
III. RESULTS AND DISCUSSION 
 
It is observed that the proposed EDFL started to lase with 
the passive Q-switching mode at the pump power of around 
30 mW. Fig. 3 shows the repetition rate and pulse duration 
as a function of pump power. As the pump power increases, 
more gain is provided to saturate the CNT-based SA. Since 
pulse generation relies on saturation, the repetition rate 
increases with the pump power as shown in Fig. 3. For 
instance, the pulse repetition rate of the Q-switched EDFL 
can be widely tuned from 10.25 kHz to 41.87 kHz by 
varying the pump power from 30 mW to 129 mW.  At every 
specific repetition rate and pump power, the Q-switching 
pulse output was stable and no significant pulse jitter was 
observed on the oscilloscope. 
 
 
  
 
 
 
 
Fig. 3: Repetition rate and pulse duration as a function of pump power. 
Inset shows the pulse energy characteristic against the pump power. 
  
On the other hand, the pulse width becomes narrower as 
the pump power increases from 30 mW to 80 mW. The 
pulse width is maintained at around 11 µs as the pump 
power further increases up to 129 mW. Inset of Fig. 4 shows 
the pulse energy characteristic showing that increasing the 
pump power makes the pulse energy higher especially at 
pump power region below 80 mW. At the pump power of 
129 mW, the Q-switched EDFL has a pulse width of 10.92 
µs and pulse energy of 5.2 nJ. The lowest pulse duration of 
10.24 µs is achieved at pump power of 80 mW. Based on 
the minimum attainable pulse duration, the modulation 
depth of the SWCNT SA is calculated to be ≈3.7%. 
 
It is observed that sufficient intra-cavity power and high 
pulse energy are important for initiating mode-locking 
without any Q-switching instability. Reducing repetition 
rate by increasing cavity length will increase pulse energy 
that can help to initiate mode-locking pulse generation. 
Therefore, in this work, we use 20-dB optical coupler and 
added 200 m long SMF to maintain most of the power 
inside the cavity as well as increasing pulse energy. Only 
1% of the total power is extracted for data measurements. 
Given the group velocity dispersion (GVD) of 4m long EDF 
is -21.64 ps ps/nm.km at 1550 nm and 219 meter SMF-28 is 
17 ps/nm.km, total cavity dispersion in the proposed mode-
locked EDFL is calculated to be 3.64 ps/nm. Hence, the 
fiber laser is expected to operate in the anomalous 
dispersion regime. The pulses formed by the mode-locking 
process in the resonator were detected using a 6-GHz 
photodetector and a 500-MHz digital phosphor oscilloscope.  
 
The mode-locking operation is observed to self-start at 
the pump power of as low as 56.8 mW without Q-switching 
instabilities. It is observed that the pulse state diminishes 
into continuous-wave (CW) when we lower the pump power 
below 30 mW. Fig. 4 shows the oscilloscope trace of the 
mode-locked pulse trains for the proposed EDFL 
incorporating a CNT-based SA at the maximum available 
pump power of 129 mW. It has a time interval of 1.1 µs 
between the pulses, which can be translated to a pulse 
repetition rate of 907 kHz, corresponding to 223 m cavity 
length. Fig. 5 shows a plot of a typical output second 
harmonics generation (SHG) autocorrelation trace for the 
mode-locked laser. By applying sech2 fitting for the output 
curve, the pulse duration at its full-width half maximum 
(FWHM) is estimated to be about 2.52 ps.   
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Oscilloscope trace of the mode-locked fiber laser 
 
 
 
Fig. 5: Autocorrelation trace of the mode-locked fiber laser at pump power 
of 129 mW. 
 
Fig. 6 shows the radio frequency (RF) spectrum of the 
mode-locked fiber laser. As seen, the signal to noise ratio is 
observed to be more than 53 dB, which indicates the pulsing 
behavior is quite stable. The output power of the soliton 
laser is measured to be 6.54 dBm. Inset of Fig. 6 shows the 
optical spectrum of the passively mode-locked laser, which 
operates at the center wavelength of 1570.5 nm. It has a 3-
dB bandwidth of 4.7 nm, which gives a Time Bandwidth 
Product (TBP) of 1.4345. Compared to sech2 transform 
limited value of 0.315, this indicates that the pulse is 
slightly chirped. When comparing between the leading edge 
and the trailing edge of the pulse from autocorrelation trace, 
the leading edge shows significant loss from the saturable 
absorber. On the contrary, the pulse trailing edge has 
negligible loss because the saturable absorber is fully 
saturated. This shows that the SWCNT absed SA is a slow 
SA. 
 
 
Fig. 6: RF spectrum of the mode-locked fiber laser at 129 mW. Inset shows 
the output spectrum. 
IV. CONCLUSIONS 
A switchable Q-switched and soliton mode-locked fiber 
laser is demonstrated using a SWCNT-based SA. The Q-
switched EDFL is self-started in a 23 m long laser cavity to 
produce a pulse with repetition rate that can be widely tuned 
from 10.25 kHz to 41.87 kHz by varying the pump power 
from 30 mW to 129 mW. It has a pulse width of 10.92 µs 
and pulse energy of 5.2 nJ at the maximum pump power of 
129 mW. A 200 m long SMF is incorporated in the laser 
cavity to switch the EDFL into a self-started mode-locked 
fiber laser. The mode-locked EDFL produces a soliton pulse 
train with a repetition rate of 907 kHz, pulse duration of 
2.52 ps and signal-to-noise ratio (SNR) of more than 53 dB. 
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Nonlinear Polarization Rotation and Saturable Absorber Approaches *
M. A. Ismail1, S. J. Tan1, N. S. Shahabuddin1, S. W. Harun1,2**, H. Arof1, H. Ahmad2
1Department of Electrical Engineering, Faculty of Engineering, University of Malaya, 50603 Kuala Lumpur, Malaysia
2Photonics Research Center, Department of Physics, University of Malaya, 50603 Kuala Lumpur, Malaysia
(Received 29 December 2011)
A mode-locked erbium-doped fiber laser (EDFL) is demonstrated using a highly concentrated erbium-doped fiber
(EDF) as the gain medium in a ring configuration with and without a saturable absorber (SA). Without the SA,
the proposed laser generates soliton pulses with a repetition rate of 12MHz, pulse width of 1.11 ps and energy
pulse of 1.6 pJ. By incorporating SA in the ring cavity, the optical output of the laser changes from soliton to
stretched pulses due to the slight change in the group velocity dispersion. With the SA, a cleaner pulse is obtained
with a repetition rate of 11.3MHz, a pulse width of 0.58 ps and a pulse energy of 2.3 pJ.
PACS: 42.55.Wd, 42.60.Fc, 42.65.Re, 42.65.Tg DOI: 10.1088/0256-307X/29/5/054216
Fiber lasers are made possible by incorporating
trivalent rare-earth ions such as neodymium, erbium
and thulium into glass hosts. Since the 1980s, erbium-
doped fiber lasers (EDFLs) have gained widespread in-
terest because the lasing wavelength at 1.55µm, falls
within the low-loss window of optical fiber, which is
suitable for optical fiber communications.[1,2] They
have numerous advantages such as simple doping pro-
cedures, low loss, compact, high reliability and high-
output power. We have also observed growing inter-
est in mode-locked EDFLs due to their many appli-
cations in communication systems for time-division
multiplexing (TDM),[3] code-division multiple ac-
cess (CDMA)[4] and wavelength division-multiplexing
(WDM).[5,6] They can also find applications in high-
resolution spectroscopy, THz pulse generation, opti-
cal clockworks, absolute distance measurements and
many others.[7−10]
Recently, a high concentration erbium-doped fiber
(EDF), IsoGainTM, was commercially developed by
FiberCore Co. Ltd. to provide the ultimate in cost-
effectiveness for the EDF amplifier (EDFA), with typ-
ical C-band gain-lengths of only a few meters.[11] This
fiber is actually more suited to reducing the excep-
tionally long doped fiber lengths required for effec-
tive L-band amplification. In this Letter, a mode-
locked EDFL is demonstrated using a simple ring cav-
ity structure with the IsoGain𝑇𝑀 EDF as the gain
medium. The performance of the laser is investigated
for two different mode-locking techniques; nonlinear
polarization rotation (NPR) and saturable absorber
(SA). Since the gain medium is only a piece of 2.5-m-
long EDF, the cavity length of the EDFL is considered
short and therefore stable clean pulses can be gener-
ated with a higher repetition frequency. The super-
mode noise can also be suppressed effectively because
the EDF has a very high nonlinearity.
Figure 1 shows the configuration of the proposed
laser, which is an all-fiber setup using commercially
available components. It consists of a piece of 2.5-m-
long EDF, wavelength division multiplexers (WDMs),
an isolator, a polarization controller (PC), a saturable
absorber (SA) and a 3-dB output coupler. The to-
tal length of the cavity is about 14.5m, which com-
prises a 2.5-m-long EDF and a 12-m-long single mode
fiber (SMF) used in the other components. The EDF
has an erbium ion concentration of 2000 ppm, cut-
off wavelength of 910 nm, a pump absorption rate
of 24 dB/m at 980 nm and a dispersion coefficient
of −21.64 ps/nm·km at 𝜆 = 1550nm. It is forward
pumped using a 1480 nm laser diode via the WDM
to provide amplification in the C-band region. The
other part of the ring cavity uses a standard sin-
gle mode fiber (SMF-28) with a dispersion coefficient
of 17 ps/nm·km at 𝜆 = 1545nm. A semiconduc-
tor SA is used for the initiation and stabilization of
mode-locking at around the 1550 nm region. The SA
is designed for transmission application and has a
modulation depth ∆𝑅 of 15%, saturation fluence of
300µJ/cm2, nonsaturable loss of 10% and relaxation
time constant of 2 ps. An isolator is used to ensure
a unidirectional operation of the laser and acts as a
polarizer. A PC is used to rotate the polarization
state and allows continuous adjustment of the bire-
fringence within the cavity to balance the gain and
loss for laser pulse generation. The experiment is also
repeated without the SA wherein the mode locking
mechanism is based on the NPR technique.
Figure 2 shows the output spectrum of the mode
locked EDFL with and without the SA in the ring
*Supported by the Ministry of Higher Education under PRGS under Grant No PR003-2011A, and HIRG under Grant No
HIR-MOHE D000009-16001.
**Email: swharun@um.edu.my
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cavity. As shown in the figure, the output of the laser
changes from soliton to stretched pulses as the SA is
incorporated in the cavity. The anti-resonant SA is in-
corporated in the laser cavity to exploit its nonlinear
optical property of an intensity dependent absorption
for reducing the pulse width of the laser. Without the
SA, the proposed laser generates mode-locked pulses
using the NPR effect in the cavity. The NPR relies on
the Kerr effect in an EDF in conjunction with an op-
tical isolator to produce artificial saturable absorber
action. By setting the initial polarization ellipse and
phase bias properly, pulse shortening can be attained.
The NPR can occur in an optical fiber when the initial
polarization state is elliptical. This elliptical state can
be resolved into right- and left-hand circular polariza-
tion components of different intensities. These two cir-
cular components then experience different nonlinear
phase shifts related to the intensity dependence of the
refractive index.[12,13] By properly choosing the linear
cavity phase delay bias, which corresponds to appro-
priately selecting the orientations of the polarization
controllers, soliton operation can be always obtained.
With a fixed linear cavity phase delay bias but dif-
ferent values of gain, as long as the generated soliton
pulse peak power is weaker than that of the polar-
ization switching power of the cavity, stable uniform
soliton pulse train is always achievable.
EDF 
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Isolator
put
3dB 
Coupler
1480 nm
Pump
Output
Saturable
Absorber Excess
pump 
Fig. 1. Experimental setup for mode-locked fiber laser.
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Fig. 2. Output spectrum of the proposed EDFL with
NPR and SA operations.
SA is an optical component that has a certain opti-
cal loss at a certain optical intensity. As the intensity
increases, the optical loss decreases. The incorpora-
tion of an anti-resonant SA leads to a high-repetition-
rate cavity and improves the mode-locking operation.
The total group velocity dispersion (GVD) in the ring
cavity will determine whether the fiber laser is a soli-
ton or stretched-pulse. If the total GVD is negative,
the fiber laser operates in the soliton regime whereas
if the total GVD is positive, the resulting fiber laser is
a stretched-pulse. In a stretched-pulse laser, the use
of large positive- and negative-dispersion fibers causes
the pulses to be alternately stretched and compressed
as they circulate in the cavity. Figure 2 reaffirms the
fact that the incorporation of SA in the cavity converts
the laser output from soliton to stretched pulses. This
is attributed to the GVD, which becomes slightly posi-
tive with the incorporation of SA. Spectral broadening
occurs in the doped fiber as a result of the positive
dispersion with SPM.[13] As observed in Fig. 2, the
output spectrum peaks at 1568.2 nm and 1556.6 nm
for the respective NPR and SA operations. The 3-
dB bandwidths of the output spectrum are obtained
at 17.0 nm and 19.8 nm for NPR- and SA-based op-
eration respectively. With maximum pump power of
136mW, the average maximum output of 1.4mW was
achieved with the SA.
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Fig. 3. Autocorrelation trace of the output pulse from
both mode-locked EDFLs with SA and NPR approaches.
Figure 3 illustrates the autocorrelation trace of the
output pulse of the laser with SA and NPR oper-
ations. By applying such function fitting for both
output curves, the pulse width of the laser is esti-
mated to be 0.58 ps and 1.11 ps for the SA- and NPR-
operation, respectively. The pulse width of the NPR
laser is nearly twice as broad as that of the pulse
width of the SA laser. An important aspect of the
stretched-pulse generation is the presence of alternat-
ing positive- and negative-dispersion in the resonator
which causes a periodically varying 𝑘(𝜔) that reduces
the phase-matched coupling to resonant sidebands.[14]
Consequently, the spectra are cleaner and less disper-
sive radiation is noticeable between pulses as indicated
in Fig. 3. Figure 4 shows the oscilloscope traces for
both lasers. The repetition rate for the SA operation
is determined at 11.3MHz while the repetition rate
for NPR operation is 12MHz. Adding an SA to the
054216-2
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fiber ring brings an extra length to the existing exper-
imental setup. As a result, the repetition rate for the
SA operation is slightly more than that of the NPR
operated laser. Figure 4 also illustrates that the pulse
shape of the laser with SA is cleaner than the one
generated by the NPR laser. The pulse energy when
adding SA to the experimental setup is 2.3 pJ while
the pulse energy for the NPR laser is 1.6 pJ.
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Fig. 4. Repetition rate observed from an oscilloscope for
both SA and NPR lasers.
In conclusion, mode-locked fiber lasers are suc-
cessfully achieved using a commercially available 2.5-
meter Fibercore IsoGain I-25 as a gain medium. Two
techniques were demonstrated to generate the mode-
locked fiber laser, namely the NPR technique and an-
other technique formulated by adding an SA to the
experimental setup. By incorporating an SA to the
ring cavity, the output laser changes from soliton to
stretched pulses with a cleaner pulse shape. Corre-
spondingly, the pulse-width and pulse energy are also
improved from 1.11 ps to 0.58 ps and 1.6 pJ to 2.3 pJ,
respectively.
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We demonstrate mode locking of a thulium–bismuth codoped fiber laser (TBFL) operating at 1901.6 nm,
using a graphene-based saturable absorber (SA). In this work, a single layer graphene is mechanically
exfoliated using the scotch tape method and directly transferred onto the surface of a fiber pigtail to
fabricate the SA. The obtained Raman spectrum characteristic indicates that the graphene on the core
surface has a single layer. At 1552 nm pump power of 869 mW, the mode-locked TBFL self starts to
generate an optical pulse train with a repetition rate of 16.7 MHz and pulse width of 0.37 ps. This is
a simple, low-cost, stable, and convenient laser oscillator for applications where eye-safe and low-
photon-energy light sources are required, such as sensing and biomedical diagnostics. © 2013 Optical
Society of America
OCIS codes: 060.3510, 140.3538.
1. Introduction
Mode-locked fiber lasers currently attract great
interest due to their extensive applications in tele-
communication, imaging, spectroscopy, and medicine
[1–3]. In this laser, the random phases of oscillating
modes are phase locked to produce a single pulse [4],
which can be realized by two main methods: active
and passive. For the active method, a modulator has
to be used, which increases the complexity of the laser
structure. Compared to active method, the passive
method possesses many advantages, including com-
pactness, low cost, flexibility, and simplicity of design.
Nonlinear polarization rotation (NPR) and semicon-
ductor saturable absorber mirror (SESAM) are nor-
mally used to provide amplitude modulation in
passively mode-locked fiber lasers [5]. However, these
two techniques have drawbacks. NPR requires addi-
tional elements in the cavity, including a polarizer
and polarization controllers (PCs). Furthermore, fiber
lasers mode locked with NPRwill generally not be en-
vironmentally stable. SESAMs have recently become
readily available, but tend to get damaged easily
when used in fiber lasers, perhaps due to insufficient
modulation depth. Recently, alternative saturable
absorbers (SAs) based on single-walled carbon nano-
tubes and graphene have been investigated [6].
Graphene-based SAs are excellent passive mode lock-
ers because of their subpicosecond recovery time,
broad operation range, low saturation intensity, polar-
ization insensitivity, low cost, and easy fabrication [7].
Most recent works on the mode-locked fiber lasers
focus on ytterbium- and erbium-doped fiber lasers,
which operate at wavelengths around 1 and 1.5 μm,
respectively. However, much attention has also been
1559-128X/13/061226-04$15.00/0
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focused on thulium-doped fiber lasers in recent years
to provide an integrated and robust laser source
operating at around 2 μmwavelength for many appli-
cations in nonlinear optics, medicine, and sensing. To
date, few mode-locked oscillators based on thulium-
doped fiber have been reported. For instance, Nelson
et al. demonstrated NPR-based mode-locked thulium
fiber laser with 500 fs pulses generation [8]. In an-
other work, Sharp et al. used a semiconductor
SESAM in a Tm fiber laser to achieve 190 fs pulses
[9]. More recently, Engelbrecht et al. reported a laser
with grating-based dispersion compensation and dou-
ble-clad thulium-doped fiber. The laser operates in
the stretched pulse regime [10] with pulse energy as
high as 4.3 nJ and dechirped pulse duration around
300 fs. Thulium-doped, mode-locked fiber lasers have
also been demonstrated recently using a graphene-
based SA [11–13].
In our earlier work, a thulium–bismuth codoped
fiber (TBF) is used to generate a broadband ampli-
fied spontaneous emission source operating in an
1880 nm wavelength region [14]. In this paper, a
mode-locked TBF laser (TBFL) is demonstrated for
the first time using a similar TBF in conjunction with
a simple and low-cost, graphene-based SA. The SA is
obtained by implementing mechanical exfoliation
technique. The proposed laser uses a 5 m long TBF,
which was obtained through a modified chemical
vapor deposition (MCVD) and solution-doping pro-
cesses as the gain medium to achieve a stable pulse
train with 16.7 MHz repetition rate and 0.37 ps pulse
width operating at 1901.6 nm. The proposed laser is
simple and low cost but has many potential applica-
tions, especially in sensing and biomedical diagnos-
tics, where eye-safe and low-photon-energy light
sources are required.
2. Experimental Setup and Procedure
A schematic of the experimental laser setup is shown
in Fig 1. It consists of a 1552 nm erbium/ytterbium
fiber laser as a pump source, a 5m long TBFas a gain
medium, awavelengthdivisionmultiplexer (WDM), a
polarization-insensitive circulator, a fiber Bragg grat-
ing (FBG), a 10 dB coupler, a PC, and a graphene-
based SA. The TBF is obtained by drawing a preform,
which was fabricated using a deposition of porous
layer by the MCVD process in conjunction with
solution-doping technique. The dopant concentra-
tions (wt. %) and compositions inside the core are
0.35Bi2O3, 0.9Tm2O3, 3.0Al2O3, and 4.0GeO2.
The fiber has core and cladding diameters of 7.2 and
125 μm, respectively, with a NA of 0.23. The WDM
is used to inject the 1552 nm pump into the TBF.
The circulator is used to allow the reflected light
from the FBG to oscillate in the ring cavity, as well
as to ensure a unidirectional operation of the laser.
The FBG used has a center wavelength of
1901.6 nm with a 3 dB bandwidth of 1.5 nm and
a reflectivity of 99.6%. A PC is used to adjust the
intracavity polarization of light.
The graphene-based SA plays the key role of a pas-
sive mode locker. It is constructed by depositing a sin-
gle layer graphene on the end facet of the optical fiber
ferrule by mechanical exfoliation technique. The ori-
ginal graphene material is a commercially available
highly ordered pyrolytic graphite (HOPG). The
HOPG flakes are pasted onto a strip of scotch tape
and then pressed and peeled off repeatedly in order
to optimize the graphene thickness. The resulting
graphene strip is then pressed against the end facet
of an optical fiber ferrule. The scotch tape is slowly
peeled off and accordingly the graphene layer re-
mains on the end facet of the optical fiber ferrule.
The ferrule is then mated to another clean ferule
by a connector to form a graphene-based SA. The to-
tal length of the laser cavity is about 16.8 m. All com-
ponents are polarization independent and connected
by fiber pigtails. The laser output is tapped from the
10% port of the output coupler, measured by a power
meter, and monitored by a photodetector, which is at-
tached to an oscilloscope. The pulse width of the laser
is measured by an autocorrelator.
3. Result and Discussion
Raman spectroscopy was performed to confirm the
presence of single-layer graphene using laser excita-
tion at 532 nmwith an exposure time of 10 s. Figure 2
shows the measured Raman spectrum from the
graphene-deposited fiber ferrule. It clearly shows
Fig. 1. (Color online) Schematic configuration of the proposed
mode-locked TBFL.
Fig. 2. (Color online) Raman spectrum from the graphene-based
SA. Inset shows an image of the fiber ferrule with graphene layer
deposited on it.
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two prominent peaks; one is located at approxi-
mately 1580 cm−1, generally known as the G peak,
and the other is located at approximately 2700 cm−1,
known as the 2-D peak. The width of the 2-D peak
can be used to determine the number of graphene
layers. As the graphene layer increases, the width
also increases [15]. The Raman spectroscopy reveals
a sharp and pointy 2-D peak. However the 2-D width
is broad since the graphene was mechanically exfo-
liated from HOPG [16]. Another method of determin-
ing the graphene layers is by calculating the
intensity ratio between the G and 2-D peaks. It was
reported that single-layer graphene has a low inten-
sity ratio, usually lower than 0.5, while multilayer
graphene shows higher intensity ratio (≥1) [17]. In
our work, we obtain a G∕2-D peak ratio of 0.48, which
indicates that we have successfully obtained a single-
layer graphene on the proposed SA. The inset of Fig. 2
shows the microscope image of the graphene layer on
a fiber ferrule, which indicates that a single-layer
graphene is properly attached to the fiber core.
The pulses formed by the mode-locking process in
the resonator were detected using a 6 GHz photode-
tector and a 500 MHz digital phosphor oscilloscope.
It was observed that the mode-locked laser self-
started at 1552 nm pump power of 869 mW without
the requirement to introduce any disturbance to the
intracavity fiber. The optical spectrum of the pas-
sively mode-locked laser is shown in Fig. 3. It oper-
ates at the center wavelength of 1901.6 nm, which
coincides with the FBG wavelength with a few side-
bands. The Kelly sidebands indicate that the pulse is
soliton, which is generated due to the graphene SA.
The theory of saturable absorption in graphene was
thoroughly discussed in [18]. A spectral broadening
is also observed, which is most probably due to the
soliton effect from the balance between the self-
phase modulation and group velocity dispersion in
the cavity. This broadening is not observed without
the SA. The average output power is measured to be
around 1.72 mWat 1552 nm pump power of 869 mW.
The full width half-maximum (FWHM) of the optical
spectrum is far below 1 nm due to the use of narrow-
band FBG in the cavity.
Figure 4 shows a pulse train from the mode-locked
TBFL recorded by an oscilloscope. As seen, the time
interval is measured to be around 60 ns, which cor-
responds to a repetition rate of 16.7 MHz. Multiple
solitons are generated as identified in the pulse
train, which is due to the energy quantization. The
high repetition rate obtained is due to the multiple
pulses circulating inside the cavity that generate
harmonics mode-locked fiber laser. The major factors
in creating this phenomenon are interrelated with
the peak power limiting effect of the laser cavity
besides the gain competition between the multiple
solitons. This proves that the proposed graphene-
based SA is able to operate efficiently in the ring
TBFL. Figure 5 shows a plot of a typical output sec-
ond harmonics generation autocorrelation trace. The
estimated pulse duration at its FWHM is about
0.37 ps. The autocorrelation trace reveals that the ex-
perimental result follows the sech2 fitting. However,
at lower intensity, the experimental curve does not fit
well due to the noise from the detector used. The in-
set of Fig. 5 shows the radio frequency spectrum of
the mode-locked fiber laser. As seen, the signal to
noise ratio is observed to be more than 60 dB, which
indicates the pulsing behavior is quite stable. The
time-bandwidth product is calculated to be about
418, which shows that the output pulse is highly
chirped.
Fig. 3. (Color online) The attenuated output spectrum at pump
power at 1552 nm pump power of 869 mW.
Fig. 4. (Color online) Output pulse train from the mode-locked
TBFL.
Fig. 5. (Color online) Autocorrelation trace. Inset shows the
output RF spectrum of the mode-locked TBFL.
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4. Conclusion
We have demonstrated a passive and stable, mode-
locked TBFL operating in the 1901.6 nm region using
a graphene-based SA, which was obtained via a me-
chanical exfoliation technique. The SA was fabri-
cated by mechanically exfoliating a single layer of
graphene using a scotch tape method and transfer-
ring the graphene layer onto the end surface of the
fiber pigtail. At 1552 nm pump power of 869 mW,
the TBFL generates mode-locking pulses with a re-
petition rate of 16.7 MHz and pulse width of 0.37 ps.
Besides showing good performance in the mid-IR op-
eration, the SA is easy to fabricate and low in cost.
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Abstract
We demonstrate a simple, compact and low cost Q-switched erbium-doped fiber laser (EDFL)
exploiting a graphene saturable absorber (GSA) for possible applications in metrology,
sensing and medical diagnostics. The EDFL operates at 1560 nm with repetition rates of
31.3 kHz and 25 kHz with GSA1 and GSA2, respectively, at pump power of 120 mW. The
repetition rate is smaller with a lower pump power. It has a pulse width of 7.5 µs and pulse
energy of 43.7 nJ with GSA2 at 120 mW pump power. It is also observed that a thicker layer
of graphene produces a Q-switched fiber laser with a lower pump threshold and a higher
output energy, but smaller repetition rate and pulse width.
(Some figures may appear in colour only in the online journal)
1. Introduction
Q-switched fiber lasers are of great interest because of
their versatile applications to remote sensing, range finding,
medicine, material processing and telecommunications [1, 2].
They can be obtained through active [3] or passive
techniques [4]. Compared to the active technique, passively
Q-switched fiber lasers possess the attractive advantages
of compactness, simplicity and flexibility in design. They
have been intensively investigated using different kinds
of saturable absorbers (SAs) [5–7] such as transition-
metal-doped crystals [8], semiconductor saturable absorber
mirrors (SESAMs) [9] and single-wall carbon nanotubes
(SWCNTs) [10]. Saturable absorbers are materials whose
absorptions decrease with increasing irradiances. In saturable
absorbers, the molecules absorb radiation so strongly that
substantial numbers of atoms can be excited to upper levels
and significant changes occur in the absorption rates of the
materials. When the ground and excited state populations
are almost equal, the absorption becomes very small and the
material is said to be ‘bleached’, or ‘saturated’. An increase
in irradiance leads to further bleaching until the material
switches from absorbing to transmitting, thereby allowing the
formation of a very intense and short (a few nanoseconds)
pulse [11–13].
Recently, graphene has gained tremendous attention for
SA applications. This is due to the gapless linear dispersion
of Dirac electrons in graphene, which allows a broadband
operation. The graphene is a flat monolayer of carbon
atoms tightly packed into a two-dimensional (2D) honeycomb
lattice. It can be stacked to form 3D graphite, rolled to
form 1D nanotubes and wrapped to form 0D fullerenes [14].
Nair et al [15] have demonstrated that, despite being only
one atom thick, graphene absorbs a significant (piα = 2.3%)
fraction of incident white light due to its unique electronic
structure. The optical absorption is also found to be frequency
independent and proportional to the number of layers [16].
Boe et al [17] have recently reported that graphene can
provide outstanding saturable absorption, where it has a
much lower saturation intensity, larger saturable-absorption
modulation depth and a higher damage threshold compared to
SWCNTs. Therefore, many techniques have been developed
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Figure 1. Experimental setup of the proposed graphene based
Q-switched EDFL.
to integrate graphene into fiber devices to construct SAs
for passive pulse construction [17], which are mostly based
on graphene mode-locked fiber lasers. In this letter, we
demonstrate a simple and compact Q-switched EDFL using
a graphene solution deposited on the end surface of a fiber
ferrule, which is then incorporated in a ring laser cavity to
act as a saturable absorber. The Q-switching performance of
the laser is investigated for two different graphene saturable
absorbers (GSAs).
2. Experiment
Figure 1 shows an experimental setup for the deposition
of graphene onto the end surface of the ferrule, whereby
the optical deposition method proposed by Kashiwagi et al
[18] and Martinez et al [19] was used. In the optical
deposition method, injecting amplified light to the fiber end
will create optical trapping, thermally driven convection flow
and thermo-diffusion [20]. The interaction of the laser beam
and graphene composite is developed by optical trapping and
this will increase the solution temperature due to amplified
injected light. The difference in temperature between the
fiber ferrule and heated solution creates a thermo-diffusion
effect where the graphene flakes are attracted to the cooler
fiber ferrule. The graphene flakes (in solution) used in the
experiment are supplied by Graphene Research Ltd, and prior
to deposition the solution is agitated for 30 min using an
ultrasonic bath. Optical radiation from a 1550 nm laser source
is amplified by an optical amplifier to 30 dBm and then
propagated through a fiber pigtail via an optical circulator.
The end surface of the pigtail is dipped into the graphene
aqueous suspension and the whole deposition process of the
graphene on the fiber ferrule core is monitored by an optical
power meter and recorded using a GPIB card connected to a
computer through a LabVIEW 7.1 interface. The deposition
Figure 2. Experimental setup for depositing graphene on the fiber
end surface by optical radiation.
process is halted when there is a sudden change in power,
and from the experiment a rapid increment of the reflected
light power is observed after 10 s. The light source is turned
off 5 s after the sudden change of power, which indicates
that graphene has been deposited on the ferrule end surface.
The fiber is then removed from the solution. After water
evaporation, the ferrule is connected to another ferrule to form
a fiber compatible graphene saturable absorber (GSA).
Figure 2 shows the experimental setup of the proposed
compact Q-switched EDFL using the fabricated GSA
as a passive Q-switcher. A 49 cm long bismuth based
erbium-doped fiber (Bi–EDF) with erbium ion concentration
of 3250 ppm and cutoff wavelength of 1450 nm is used
as the gain medium. The Bi–EDF is forward pumped by a
1480 nm laser diode through a 1480/1550 nm wavelength
division multiplexer (WDM). Another WDM is placed after
the Bi–EDF to remove the excess pump power. The laser
output is obtained via a 10 dB optical coupler located after
the GSA, which channels out about 10% of the oscillating
light from the ring cavity. The output is analyzed using an
optical spectrum analyzer (OSA) of 0.02 nm resolution and
a 500 MHz oscilloscope with a 6 GHz bandwidth lightwave
detector. An optical isolator is incorporated after the optical
coupler to ensure that light propagates in a unidirectional
manner. The rest of the cavity is made of SMF-28 single-mode
fiber. All components used in our setup are polarization
independent, i.e. they support any light polarization. No
polarization controller (PC) is included in our cavity as we
had observed earlier that a PC did not improve our pulse
stability. There is no significant pulse jitter observed through
the oscilloscope during the experiment. The experiment is
carried out for two different GSAs: GSA1 and GSA2. The
insertion loss of GSA1 and GSA2 are determined to be around
0.5 dB while the total length of the cavity is measured to be
about 25 m. For GSA2, graphene is deposited on both end
surface faces of the ferrules and thus it has a thicker graphene
layer compared to that on the GSA1.
3. Result and discussion
The proposed EDFL started to lase with the passive
Q-switching mode at the pump power of around 50 mW. The
pump threshold was relatively low compared to that of an
SWNT or SESAM based Q-switched EDFL, mainly owing
to a lower saturation intensity of the graphene. Figure 3
compares the oscilloscope traces of the Q-switched pulse
trains for two different GSAs when the pump power is fixed
2
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Figure 3. Typical pulse trains for the proposed EDFL configured
with GSA1 and GSA2 at a pump power of 120 mW.
Figure 4. Repetition rate as a function of 1480 nm pump power.
The inset shows the optical spectrum of the laser at a pump power
of 120 mW.
at the maximum value of 120 mW. As shown in the figure,
repetition rates of 31.3 and 25 kHz are obtained with GSA1
and GSA2, respectively. Since a thicker graphene layer means
more absorption, it takes a longer time for the GSA2 to bleach
and thus its repetition rate is lower than that of GSA1. Unlike a
mode-locked fiber laser, where the repetition rate is dependent
on cavity length, the repetition rate in a Q-switched fiber laser
varies with pump power. Figure 4 shows the repetition rate
as a function of pump power for both cases. As the pump
power increases, more gain is provided to saturate the GSA.
Since pulse generation relies on saturation, the repetition
rate increases with the pump power as shown in figure 4.
For instance, with GSA1, the pulse repetition rate of the
Q-switched EDFL can be widely tuned from 16.7 to 31.6 kHz
by varying the pump power from 55 to 120 mW. At every
specific repetition rate and pump power, theQ-switching pulse
output was stable and no significant pulse jitter was observed
on the oscilloscope. The inset of figure 4 shows the output
spectrum for the proposed Q-switched EDFL configured with
FSA1 and GSA2. As shown in the figure, the laser operates at
around 1560 nm with a full width at half maximum of around
0.3 nm.
Figure 5 shows the pulse width and the pulse energy as a
function of the pump power. As seen in the figure, increasing
the pump power makes the pulse width narrower and the
pulse energy higher for both GSAs. At the pump power of
120 mW, the Q-switched EDFL has a pulse width of 7.5 µs
Figure 5. Pulse width and pulse energy as a function of input pump
power.
and pulse energy of 43.7 nJ using GSA2. A thicker layer
of graphene (in GSA2) implies that more atoms are stored
in the excited state level, and consequently more stimulated
emission occurs when the GSA bleaches. This in turn
generates more output power. This explains why the output
energy of GSA2 is significantly higher than that of GSA1.
The reason is also linked to the observation that using GSA2
yields a lower pulsing threshold. The threshold pump powers
for Q-switching operation with GSA1 and GSA2 are observed
to be 51.3 and 47.6 mW, respectively. These results indicate
that graphene has a larger potential for better Q-switching and
saturable absorption compared to conventional light absorbing
components when carefully employed in an appropriate laser
system. The proposed EDFL is simple, low in cost and
suitable for metrology, environmental sensing and biomedical
diagnostics.
4. Conclusion
A simple and compact Q-switched EDFL is demonstrated
using a GSA, which is obtained by depositing the graphene
solution on the end surface of a fiber ferrule. It is found
that a thicker layer of graphene produces a Q-switched fiber
laser with a lower pump threshold and higher energy but
smaller repetition rate and pulse width. The EDFL operates
at 1560 nm with a repetition rate that varies with the
pump power. For instance, the repetition rate of the EDFL
configured with GSA1 can be widely tuned from 16.7 to
31.6 kHz by varying the pump power from 55 to 120 mW.
The EDFL has a pulse width of 7.5 µs and pulse energy of
43.7 nJ with GSA2 at 120 mW pump power.
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We demonstrate a simple, compact and low cost Q-switched erbium-doped fiber laser (EDFL) using single-wall
carbon nanotubes (CNTs) as a saturable absorber for possible applications in metrology, sensing, and medical
diagnostics. The EDFL operates at around 1560 nm with repetition rates of 16.1 kHz and 6.4 kHz with saturable
absorbers SA1 and SA2 at a pump power of 120mW. The absorbers are constructed by optically driven deposition
and normal deposition techniques. It is observed that the optical deposition method produces a Q-switched EDFL
with a lower threshold of 70mW and better Q-switching performance compared to that of the normal deposition
method. The EDFL also has pulse energy of 90.3 nJ and pulse width of 11.6𝜇s at 120mW pump power.
PACS: 42.60.Da, 42.60.Fc DOI: 10.1088/0256-307X/29/11/114202
Research interest on fiber lasers has grown after
the introduction of doped fibers as the gain medium,
resulting in an intrinsically excellent beam quality.[1,2]
They can be designed to operate in either continuous-
wave or pulsed mode. Q-switched fiber lasers are gen-
erally used for generating high-energy pulses at rel-
atively low repetition rates.[3] They have attracted
much interest due to their versatile applications in re-
mote sensing, range finding, medicine, material pro-
cessing, and telecommunications.[3−5] They can be
constructed via active[3] or passive techniques.[4] Com-
pared to those fabricated using the active technique,
passively Q-switched fiber lasers are advantageous in
terms of compactness, simplicity, and flexibility in
design. They have been intensively investigated us-
ing different kinds of saturable absorbers (SAs) such
as transition metal doped crystals[6] and semiconduc-
tor saturable absorber mirrors (SESAMs).[7] However,
these SAs are complex and expensive to be fabricated.
Furthermore, they are not compatible with many op-
tical fibers, which limits their widespread application.
Recently, single-wall carbon nanotubes (SWCNTs)
have shown promising potential in mode locked fiber
laser systems due to its intrinsic saturable absorp-
tion properties, ultrafast recovery time and wide ab-
sorption wavelength bandwidth.[8,9] In this Letter,
we demonstrate a simple and compact Q-switched
erbium-doped fiber laser (EDFL) using a CNT-based
saturable absorber (CNT-SA) with good compatibil-
ity with optical fibers. The SA is constructed by opti-
cally controlling the deposition of CNTs onto the end
of fiber ferrules. The relative performance of the Q-
switched EDFL is also investigated by comparing it
with another CNT-SA which was obtained using a
normal deposition technique.
The fabrication process starts by preparing a
homogeneous suspension by mixing approximately
0.5mg SWCNTs (95% pure, diameter of 1–2 nm and
length of 5–10µm) with 1ml of dimethylformamide
(DMF) solvent and then sonicated for one hour. The
suspension was centrifuged at 1000 rpm for one hour
to remove large particles of undispersed SWCNT to
obtain dispersed suspension that is stable for weeks.
Then optical deposition method proposed by Kashi-
wagi et al.[10] and Martinez et al.[11] was employed to
deposit SWCNTs onto optical fiber end with ferrule
to be used as an SA. In this method, an amplified
light is injected into the fiber ferrule end to create
an optical trapping, thermally driven convection flow
and thermo-diffusion.[12] The interaction between the
laser beam and CNTs is initiated by the optical trap-
ping that increases the solution temperature by the
amplified injected light. The difference in tempera-
ture between the fiber ferule and heated solution cre-
ates thermo-diffusion effect where the CNTs are at-
tracted to the cooler fiber ferule. In the experiment, a
1550 nm laser source was amplified at around 25 dBm
and launched into a fiber FC/PC connector via an
optical circulator. Then the end surface of the fiber
ferrule of the connector was immersed into a droplet
of the prepared CNTs solution and the reflected light
from the connector was monitored by an optical power
meter. The deposition process was halted when there
was a sudden change in the reflected light power which
indicates that the CNTs have been sufficiently de-
posited on the ferrule end surface. The connector with
CNTs was then mated to another clean connector to
construct an SA1 that could be easily spliced to the
*Supported by University of Malaya PPP under Grant No PV029/2011B.
**Corresponding author. Email: swharun@um.edu.my
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cavity of the fiber laser. The insertion loss of the SA1
was measured to be about 1.8 dB.
Bi-EDF (49 cm)
Isolator
10 dB 
Coupler
1480 nm 
Pump
Output
SA
Excess pump 
Fig. 1. Experimental setup of the proposed CNT-based
Q-switched EDFL.
Figure 1 shows the experimental setup of the com-
pact Q-switched EDFL proposed using the fabricated
SA as a passive Q-switcher. A 49-cm-long bismuth-
based erbium-doped fiber (Bi-EDF) with erbium ion
concentration of 3250 ppm and cutoff wavelength of
1450 nm is used as the gain medium. This fiber is an
advanced erbium doped fiber, which is based on bis-
muth oxide host glass and thus allows both compact-
ness and great broadband transmission capability.[13]
The Bi-EDF is forward pumped by a 1480 nm laser
diode through a 1480/1550 nm wavelength division
multiplexer (WDM). Another WDM is placed after
the Bi-EDF to remove the excess pump power. The
laser output is extracted from a 10 dB optical coupler
located after the SA, which releases about 10% of the
oscillating light from the ring cavity. The output is
analyzed by an optical spectrum analyzer (OSA) of
0.02 nm resolution and a 500MHz oscilloscope with
6GHz bandwidth lightwave detector. An optical iso-
lator is incorporated after the optical coupler to en-
sure that light propagates unidirectionally. The rest
of the cavity is made of SMF-28 single-mode fiber. All
components used in our setup are polarization inde-
pendent, i.e. they support any light polarization. No
polarization controller (PC) is included in our cavity
as we had observed earlier that a PC did not improve
our pulse stability. There was no significant pulse jit-
ter observed through oscilloscope during the experi-
ment. The experiment was also carried out using an-
other SA (SA2), which was obtained by the normal
deposition method for comparison. In this technique,
the deposition of CNTs on the fiber ferrule is carried
out by dropping a droplet of the prepared CNTs so-
lution to the end of fiber ferrule using micropipette.
After that, the fiber ferrule was left at room temper-
ature to let the solution evaporate for one hour. The
SA2 has an insertion loss of about 2.0 dB.
Figure 2 compares the oscilloscope traces of the
Q-switched pulse trains of the proposed EDFL us-
ing the two fabricated CNT-SAs (SA1 and SA2) while
the pump power was fixed at the maximum value of
120mW. As stated earlier, the SA1 and SA2 were
developed using the optical and normal deposition
method, respectively. As seen in the figure, the rep-
etition rates of 16.1 kHz and 6.4 kHz are obtained for
the SA1 and SA2 setup, respectively. It is believed
that the normal deposition method allows more CNTs
to be deposited on the fiber. This is evident from the
microscope image of the ferrule end of SA2, which is
observed to be darker at the core area compared to
that of SA1. Since thicker CNTs layer means more
absorption, it takes a bit longer time for the SA2 to
bleach and thus its repetition rate is lower than that
of the SA1. It is also observed that the proposed ED-
FLs start to lase with the passive Q-switching mode
at the pump power of around 70mW and 110mW for
the SA1 and SA2, respectively. The pump threshold
of the EDFL with SA2 is higher compared to that of
SA1, mainly due to higher absorption of the thicker
CNTs layer. Since the CNTs layer is not uniformly
distributed on the core surface of the SA2, the Q-
switching performance of the laser is affected.
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Fig. 2. Typical pulse trains for the proposed EDFL con-
figured with SA1 and SA2 at a pump power of 120mW.
Figure 3 shows the output spectrum of the pro-
posed Q-switched EDFL constructed using the SA1
and SA2. As shown in the figure, the laser operates
at around 1559.2 nm and 1557.8 nm respectively. The
laser operating wavelength is shorter for the one with
SA2 compared to that with SA1. This is attributed
to the SA2, having a larger loss and thus decreasing
the oscillating wavelength to acquire a higher gain for
compensating the loss. The full-width half maximum
(FWHM) of more than 1.0 nm is obtained with SA1,
which is so much larger than that of the SA2. This in-
dicates that SA1 produces a better Q-switching pulse
compared the one generated by the SA2. Unlike the
mode-locked fiber laser wherein the repetition rate is
dependent on cavity length, the repetition rate of the
Q-switched fiber laser varies with pump power. The
inset of Fig. 3 shows the repetition rate as a function of
pump power for the EDFL configured with SA1. As
the pump power increases, more gain is provided to
saturate the SA. Since pulse generation relies on sat-
uration, the repetition rate increases with the pump
power as shown in the figure. The pulse repetition
rate of the Q-switched EDFL can be widely tuned
from 8.2 kHz to 16.1 kHz by varying the pump power
114202-2
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from 70mW to 120mW. At every specific repetition
rate and pump power, the Q-switching pulse output
was stable and no significant pulse jitter was observed
on the oscilloscope.
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Fig. 3. Optical spectra of the Q-switched EDFL with SA1
and SA2 at pump power of 120mW. Inset: the repetition
rate as a function of 1480 nm pump power.
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input pump power.
Figure 4 shows the pulse energy and the pulse
width as a function of the pump power for the pro-
posed EDFL with SA1. As seen in the figure, raising
the pump power increases the pulse energy and re-
duces the pulse width. It is also observed that the
pulse energy shows a drop of around 110mW in pump
power, which is most probably due to the mode com-
petition inside the laser cavity which slightly changes
the operating wavelength. This phenomenon exists
for both SAs and the incorporation of a band-pass
filter in the laser cavity is expected to improve the
laser output energy. At the pump power of 120mW,
the Q-switched EDFL has a pulse energy of 90.3 nJ
and pulse width of 11.3µs as depicted in Fig. 4. With
SA2, the pulse energy and pulse width are obtained
at 5.5 nJ and 11.6µs, respectively, for 1480 nm pump-
ing of 120mW. A thicker and rough layer of CNTs in
SA2 increases the cavity loss, causing unbalanced dis-
persive and nonlinear characteristic properties in the
laser cavity. Consequently, it degrades both the at-
tainable pulse energy and pulse width. These results
indicate that CNTs have a larger potential for bet-
ter Q-switching and saturable absorption compared to
conventional light absorbing components when care-
fully employed in an appropriate laser system. The
proposed EDFL is simple, low in cost and suitable
for metrology, environmental sensing and biomedical
diagnostics.
In conclusion, a simple and compact Q-switched
EDFL is demonstrated using a CNT-SA, which is
obtained by depositing the prepared CNTs solution
on the end surface of fiber ferrule. It is found that
the optical deposition method achieves a Q-switched
fiber laser with a lower pump threshold and higher en-
ergy compared to that of normal deposition technique.
The EDFL operates at around 1560 nm with repeti-
tion rates of 16.1 kHz and 6.4 kHz at the pump power
of 120mW and threshold pump powers of 70mW
and 110mW, respectively. The repetition rate and
pulse energy of the EDFL increase with the rise in
pump power, but its pulse width reduces with the
pump power. With the optical deposition method,
the EDFL achieves a pulse energy of 90.3 nJ and pulse
width of 11.6µs at 120mW pump power.
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